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i

Abstract
This thesis focuses on the development of a family of flexible conductive hydrogels based
on graphene and Poly (3, 4-ethylenedioxy thiophen):poly (styrenesulfonate)
(PEDOT:PSS) as fillers of a polyurethane (PU) matrix. This thesis describes the novel
modification of Liquid Crystal Graphene Oxide (LCGO) with chloride salts with an
increase of the storage moduli, viscosity and thermal conductivity. Development of novel
processable conductive hydrogel (PUHC) via blending LCGO and PEDOT:PSS within
PU matrix is described, along with the processability and biocompatibility assessment.
The PUHC was used in the fabrication of a temperature sensor, with the processability
and performance of the developed PUHC temperature sensor (Ts-PUHC) discussed.
Study on the electrical and mechanical performance of PUHC was continued with an
investigation of the thermal properties, thermal expansion, and the impact of prestrain on
the PUHC properties. Finally, rheological behaviour and preparation of 3D printable
PUHC ink is investigated and discussed. To the best of my knowledge, this is the first
reported printable composite without any post-treatment that can offer negative
temperature coefficient of resistance (NTC) behaviour under ambient conditions with
adjustable thermal and electrical conductivity, and stretchability within the temperature
range of the human body (25 - 45oC).
The thesis concludes with suggestions for further work that include both theoretical and
practical areas.
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Chapter 1
INTRODUCTION AND LITERATURE REVIEW
This literature review will begin with a brief introduction into the history of biomaterial
applications in health monitoring and review of the literature on the following topics:
concepts of thermal sensor devices, electrically conductive composites and their
capability in sensing applications, and brief historical background of printable conductive
hydrogels. These topics are discussed to highlight the implications from current literature
and are used to develop the conceptual framework for the study reported in this thesis.

Introduction
Discoveries in materials science are often the driving force behind the development of
new sensing technologies. Humans have sensed physical and chemical parameters in our
surroundings for many years with varying degrees of selectivity and resolution. Novel
functional materials may allow us to increase the resolution at which we monitor our
surrounding parameters or enable us to monitor parameters in new ways, but we first need
to understand and characterise their material composition, response to stimuli, stability
over time, and processability into practical devices.[1]
As graphically depicted in Figure 1.1, the field of wearable sensing devices is growing.
Flexible and wearable sensors, with the ability to detect physical signals created by the
human body, have received much attention due to their potential in electronic applications
such as health monitoring, human interactive devices (such as artificial eye, and skin),
and robotics.[2, 3]
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Figure 1.1

Examples of recently developed flexible and stretchable physical sensors

for measuring parameters on the surface of the skin such as temperature, pressure and
strain generated by human activities for personal healthcare monitoring.[4]

Body temperature is the basal index in physiology and is a key parameter in diagnosis
and ongoing patient treatment [5, 6]. Therefore, the accurate monitoring of this parameter
on a regular basis allows for a greater understanding of a patient’s condition to be
ascertained. An optimal sensing platform would facilitate continuous body temperature
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monitoring, would be robust, respond rapidly to any change in temperature, and be
indifferent to changes in the stimuli within and surroundings of the body environment,
such as humidity, light, pH, and mechanical force.[7]
Materials for making temperature sensors for health monitoring, electronic-skin (e-skin),
[8, 9] and human-activity monitoring, [10-13] must be capable of having at least one
property that can be significantly changed by external temperature stimuli. Many different
materials have been employed for making temperature sensing devices for health
monitoring, such as inherently conductive polymers (ICPs), carbonaceous materials,
pyroelectric materials and a combination of these materials with conductive polymers.
[14-16] In view of the complexity of the temperature sensor application for health
monitoring, it needs to be intelligently developed to adequately meet the requirements
such as high sensitivity, light weight, flexibility, thinness, stretchability, biocompatibility,
and low cost. [6, 17-19]

Hydrogels are three-dimensional, hydrophilic, porous polymeric networks capable of
absorbing large amounts of water. Due to their soft consistency and porosity, they closely
simulate natural living tissue, more so than any other class of synthetic biomaterials.[19]
Combining the physical and mechanical properties of hydrogels with the electrical
activity of an electroactive/conductive component can create unique opportunities for the
next generation of materials, and hence a wide range of conductive fillers with different
mechanical and biological properties can be used.[20] The use of conductive hydrogel in
flexible microelectronic devices and three-dimensional (3D) fabrication is emerging.
Commercial development and use of temperature sensors, based on conductive hydrogels,
for health monitoring are at the early stages of research. However, there is a need for
4

continued combined improvement in material design aspects and fabrication methods to
produce sustainable and sensitive conductive hydrogel-based sensors.
The limitations of these technologies will highlight the need for new materials possessing
the required properties, including biocompatibility, for development of a thermistor
suitable for human monitoring.

The concept of a thermal (temperature) sensor
Temperature is the intensity or degree of the average kinetic energy of object or
particles.[20] A thermal sensor is a device that is specifically used to measure temperature
and is capable of providing a quantifiable way to describe the average kinetic energy of
the molecules in a substance.
Sensors detect physical phenomena and translate these signals to corresponding electrical
signals, which are capable of quantification. Several temperature sensor types are
available; each one has its strengths and weaknesses. There are four commonly used
temperature sensor types for continuous temperature measurement (Figure 1.2) as
described below.

Negative Temperature Coefficient (NTC) thermistor
A thermistor is a thermally sensitive resistor that exhibits a change in an electrical
resistance correlated to change in temperature. An NTC thermistor delivers a high
electrical resistance at low temperatures and as temperature rises, the resistance starts to
decrease. The NTC thermistor’s capability ensures a large change in electrical resistance
per °C change. Therefore small changes in temperature can be detected with accuracy
(0.001 to 1.0 °C) and working in a range of -50 to 1000°C.[21] However, thermistors are
5

non-linear in response. This leads to additional work to create a linear output and adds to
the error of the final reading.[22]

Resistance Temperature Detector (RTD)
An RTD, also known as a resistance thermometer, is a device that senses temperature by
correlating the electrical resistance with temperature. An RTD usually contains a
conductive film or a wire wrapped around a ceramic or glass core. The most widely used
RTDs are made of platinum but lower cost RTDs can be made from nickel or copper.
However, nickel and copper are not as stable nor have the ability to give the same output
or reading under repeated identical conditions (repeatability). Platinum RTDs offer a
more linear output than thermistors and are highly accurate (0.001 to 1 °C) across -200 to
600 °C. This improved accuracy leads to RTD’s being more expensive than simpler
thermistor sensors.[22, 23]

Thermocouple
A thermocouple is a temperature sensing device that consists of two dissimilar metal
wires connected at one point. The temperature dependent voltage between these two
points reflects proportional changes in temperature. It is not easy to transform the voltage
generated by a thermocouple into an accurate temperature reading for many reasons: the
voltage signal is small, the temperature-voltage relationship is nonlinear, reference
junction compensation is required, and thermocouples may pose grounding problems.
The thermocouple accuracy is between 0.5 to 5 °C which is lower than NTC thermistors
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and RTD’s. There are several types of thermocouples, constructed from different metals
with different temperature ranges and levels of accuracy. Nevertheless, they work across
the broadest temperature range, from -200 to 1750 °C.[24, 25]

Semiconductor-based (IC) sensors
Semiconductor-based temperature sensors are placed on integrated circuits (ICs). These
sensors are two identical diodes with temperature dependent voltage vs current
characteristics that can be employed for temperature monitoring. They have a linear
response but have the lowest accuracy in comparison to other temperature sensing
devices, having an accuracy range from ±1 to ±5 °C. They also have the lowest sensitivity
with a response rate of 5 to 60 s over a temperature sensing range of -70 to 150 °C.[26]
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Figure 1.2

The advantages and disadvantages of four main types of commercially

available temperature sensor devices.[27]

Temperature sensor for health monitoring
Amongst various health monitoring parameters, temperature is one of the most critical
factors. This section attempts to review the current research and development on
temperature sensors systems for health monitoring. A variety of materials, composites
and system implementations are compared to identify the material shortcomings of the
current state-of-the-art in temperature sensors for health monitoring.
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Flexible and stretchable temperature sensor
For applications of temperature sensors in wearable human-activity monitoring and
personal healthcare, many types of temperature sensors embedded in a flexible and
stretchable substrate have been developed.[1, 28] The most common temperature sensors
are pyroelectric detectors, resistive temperature detectors, and thermistors.

Pyroelectric Temperature Detectors
Pyroelectricity is the capability of a material to create a temporary voltage when subjected
to a temperature gradient and has been detected in some ceramics [29-33] and
semicrystalline polymers. [34-37] In particular, the pyroelectric poly(vinylidene fluoride)
(PVDF) and its copolymer with triflouroethylene (TrFE) (Figure 1.3a) is a good candidate
for temperature sensor applications on flexible substrates and consequently has stimulated
much research. [38-40] In a pyroelectric material, temperature fluctuation creates a
change in remnant polarization (Figure 1.3b).
Due to the chemical structure of PVDF (Figure 1.3a), the difference of electronegativity
between hydrogen and fluorine at opposite sides of the PVDF chain cause a large dipole
moment oriented perpendicularly.
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Figure 1.3

a. Chemical structure of PVDF-TrFE. a.1) PVDF polymer chain and a.2:

TrFE monomer structure. b. The principle of pyroelectric performance in temperature
fluctuation.

Pyroelectric material scavenges thermal energy from its working environment and has
the potential to convert temperature fluctuation into electric energy. The significant
difference in electronegativity between the component elements (hydrogen and fluorine)
results in a strong dipole moment normal to the chain direction.[41]
One of the advantages of pyroelectric materials is that they can detect stimuli with a low
amount of heat to maintain a temperature gradient, and have the ability to operate with a
high thermodynamic efficiency for converting temperature changes into an electrical
signal.[42] PVDF and its variants have been employed in a metal/PVDF/metal (MIM)
sandwich structure which is very similar to a semiconductor diode that is capable of fast
operation. Depending on the geometry and the material used for fabrication, the operation
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mechanisms of temperature sensing are governed either by quantum tunnelling or thermal
activation. Intensive studies have been done to improve the performance of pyroelectrics
in the last century and are actively continued today owing to the multitude of applications
of pyroelectrics in sensory and thermal imaging systems. The major disadvantage of these
devices for human monitoring is the fact that they are fabricated on rigid substrates. [39,
43]
The operating mechanism of a MIM is provided by the negative pyroelectric coefficient
(the electrodes which measure variation of polarisation with temperature are placed along
a principal crystallographic direction, and therefore, the coefficient is often measured as
a scalar, which is typically negative to represent a polarization falling with increasing
temperature) of PVDF or (PVDF-TrFE) with a poor crystallinity originating from the
thermal vibration of the dipoles in the amorphous phase at higher temperature causing a
reduction of average dipole moment in the poling direction. [40, 44] Tine et al.[45]
reported that direct incorporation of a highly crystalline PVDF-TrFE material with a large
remnant structure (such as a pyroelectric gate-insulator layer) into a flexible organic field
effect transistor (OFET) can be used for temperature-sensor application and exhibits a
linear current-voltage relationship (Figure 1.4).
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Figure 1.4

a. Organic thin-film transistor structure with pyroelectric gate dielectric b.

Temperature response data of the poled device in continuous measurements. [45]

These temperature sensors operate based on oscillation in remnant polarization between
the PVDF-TrFE, which varies under temperature fluctuation, and ultimately causes a
growing density of accumulated holes at the surface of the PVDF-TrFE and
semiconductor. Kim et al. and Tien et al. have shown that initial voltage, remnant
polarization and the level of crystallinity of the PVDF-TrFE have a direct correlation with
the temperature based on the thermal expansion of the crystalline phase.[45, 46]
Furthermore, high resolution flexible and precise OFETs have been developed with
PVDF-TrFE/BrTiO3 nanocomposite on the substrate and display a precise response to
temperature with a standard deviation between 6 mK to 12 mK.[46] While pyroelectric
temperature sensors based on PVDF-TrFE show precise measurement and high resolution
of temperature, their practical application is restricted by poor relaxation and slow
response times.[4]
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Resistive Temperature Detectors
A resistive temperature detector (RTD) or resistance thermometer sensor works based on
an accurate temperature-resistance relationship. Pure metal elements such as copper (Cu),
nickel (Ni), and platinum (Pt) are widely employed for the construction of RTDs.[47-49]
Stretchable and flexible RTDs for healthcare monitoring such as wound monitoring and
thermography of skin have been developed. [46, 50] A flexible Pt-RTD with a linear
response to temperature integrated with suture strips has been proposed by Kim et al.,
[50] using a neutral mechanical plane (NMP) configuration and in an ultrathin design (<
3µm). The NMP is a conceptual plane within a beam or cantilever. When loaded by a
bending force, the beam bends so that the inner surface is in compression and the outer
surface is in tension. The neutral plane is the surface within the beam between these zones,
where the material of the beam is not under stress, either compression or tension.[51] The
resultant suture strips displayed high durability, deformability, and stability under
mechanical strain. Furthermore, this strip-sensor has been successfully implanted in
animal models to monitor temperature (Figure 1.5).
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Figure 1.5

a) Optical images of temperature sensors based on Si nano-membranes

(top) and microheaters based on Au wires in a serpentine layout (bottom), both on a
handle wafer. b) Optical image of a temperature sensor array based on Pt resistors, on a
handle wafer. The two arrays have four sensors each, which are arranged in a bifacial
configuration. c) Demonstrative temperature sensor on a plastic model of the human brain
before (left frame) and after (right frame) dissolving a temporary silk substrate. d)
Temperature monitoring experiment on an animal model using an instrumented suture
strip based on a Pt thermistor on silk substrate.[50]

For stretchable RTDs, Yu, et al. [52] developed a stretchable temperature sensor based
on elastically buckled thin-film devices on an elastomeric polydimethylsiloxane (PDMS).
The temperature sensor with a thin Cr/Au layer (5 nm/20 nm) was fabricated on a buckled
PDMS substrate with a 30% of pre-strain. The fabrication began with spinning and
patterning photoresist using standard lithography process on a silicon on insulator wafer.
Moreover, the fabricated sensors can be reversibly compressed and stretched up to 30%
without any sensor-performance degradation and fracture (Figure 1.6a and b).

14

Figure 1.6

a) Stretchable sensors on top of a PDMS substrate with periodically

buckled patterns. b) Tilted SEM view of the stretchable temperature sensor and the
interface between the buckled sensor and PDMS. [52] c) Ultrathin, compliant, skin-like
arrays of precision temperature sensors and heaters. Image of a 4×4 TCR sensor array
after application to the skin using a water-soluble adhesive tape based on poly(vinyl
alcohol). d) Similar device, deformed by pinching the skin in a twisting motion.[53]

Webb et al. [53] reported an RTD sensor with a compliant, ultrathin, and skin-like array.
They introduced a temperature sensor with high precision in measurement, mapping
capability, and non-invasiveness based on Cr/Au (5 nm/50 nm) with the surface of the
skin. This temperature sensor was capable of attaching directly to the skin with twisting
capability and was employed for mapping the temperature distribution (Figure 1.6c and
d). The precision of this sensor can be adjusted through development of a sensor array
with mapping capability and high precision which could find applications in the health
monitoring and cognitive areas.[54]
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Thermistors
A thermistor is another type of resistor sensor similar to the RTD. The electrical resistance
of these devices is proportional to the temperature of their surrounding environment.
Thermistors are capable of detecting small changes in temperature with accuracy (±0.1°C
or ±0.2°C) and repeatability. There are two basic types of thermistors, each with different
performance characteristics, namely positive temperature coefficient (PTC), and negative
temperature coefficient (NTC) of resistance. For the NTC type, electrical resistance
decreases with increased temperature, while for a PTC device resistance increases
proportionally to increased temperature. Traditionally, semiconductor ceramic such as
oxides of manganese (Mg), cobalt (Co), and nickel (Ni) are used to produce thermistor
devices. These thermistors, based on oxide material, have a limited application in health
monitoring because they are fabricated on a rigid substrate. As a result, stretchable and
flexible thermistors based on nanocomposites, graphene, and organic semiconductors
have been developed.[46, 55-65] Jeon et al. [66] developed a flexible and stretchable
thermistor with a Ni binary polymer composite, with polyethylene (PE) and polyethylene
oxide (PEO) as a matrix, with reproducibility and high sensitivity in the range of the
human body temperature (from 25 to 45 °C). Results exhibit high performance of Ni
binary polymer composite as a temperature sensor and show promise for applications in
personal healthcare, and human activity monitoring. Another reported example of flexible
temperature sensor development by Harada and co-workers [67] examines, microscale
flexible

and

printable

temperature

sensor

based

on

poly(3,4-ethylenedioxy

thiophene):poly(styrenesulfonate) (PEDOT:PSS)–SWCNT film. The sensitivity and
selectivity of the temperature was demonstrated using a 3×3 artificial skin array that
senses temperature (from 21 to 80 °C) with a high sensitivity range from 0.25 to 0.63%
/°C.
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Trung et al. [68] reported a flexible temperature sensor through the incorporation of
reduced graphene oxide (R-GO) and PVDF-TrFE nanocomposite as the sensing layer
(Figure 1.7a and b).

Figure 1.7

a) Schematic of transparent, flexible R-GO/PVDF-TrFE nanocomposite

FET. The schematic illustrates structural, optical (transparent) and electrical (response to
temperature) properties of the transparent, flexible R-GO/PVDF-TrFE nanocomposite
FET. b) The ID response of the transparent, flexible nanocomposite FET to temperature
after cyclic bending.[69]

The combination of R-GO and PVDF-TrFE made the sensor highly responsive in the
temperature range of 30 to 80 °C and is capable of detecting small temperature changes
(0.1 °C).The temperature dependence of the conductivity of the R-GO/P(VDF-TrFE)
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nanocomposite can be suggested to occur by two main mechanisms: the hopping transport
mechanism and a tunnelling conduction mechanism.[69]
Yan et al.[70] developed a flexible and stretchable thermistor using graphene as a sensing
channel and highly conductive silver nanowire (AgNW) as stretchable electrodes fully
embedded inside a polydimethylsiloxane (PDMS) matrix for easy and consistent
electrical measurements (Figure 1.8). This stretchable thermistor used crumpled
Gravitonium (Gr) as the temperature-sensor layer. By embedding three-dimensional
crumpled Gr into an elastomer matrix, the Gr thermistor can be stretched up to 50%.

Figure 1.8

a and b) Schematic diagram, c and d) representative images of the

stretchable graphene thermistors in relaxed (a and c) and twisted (b and d) states.
Conductive AgNWs were used as electrodes, and resistive graphene was used as
temperature sensing channels. [70]
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Other Temperature Sensors
Aside from the temperature sensors mentioned above, other research has been performed
for making flexible and stretchable temperature sensors based on other common sensing
mechanisms for health monitoring.[46] Some groups have reported flexible and
stretchable temperature sensors based on colorimetric temperature indicators, Si diodes,
polar groups of dielectric-induced charge-trapping, Si, and organic diodes.[71-73] Gao et
al. [74] presented a stretchable colorimetric temperature sensor with wireless stretchable
electronics. The temperature sensor arrays working with thermochromic liquid crystals
(TLC) were fabricated on elastomeric substrates comprised of PVDF. These sensor arrays
can find applications in monitoring the wound-healing process, core-body-temperature
assessments, and cancer screening (Figure 1.9).
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Figure 1.9

a) Schematic illustration of finite element modelling results for a device

with a wireless heater under tensile strain, with magnified view of the Joule heating
element (inset).

b) Image of an active, wireless device collected while exposed to

RF power in the air, with magnified view of the colour changes induced by the heater
(inset). Scale bar, 3 cm.[74]

Wu et al. [75] fabricated a thermally stable, flexible and biocompatible polylactide (PLA)
wound temperature monitoring sensor. Furthermore, they illustrated that the thermal
sensitivity of the sensor could be enhanced by polar oxygen atoms which could form
hydrogen bonds. The mechanism of the polar-group-induced thermal sensitivity can be
described on the basis of the multiple trap and release (MTR) model. Someya et al. [48]
demonstrated a flexible net-shaped structure of a temperature-sensor array based on an
OTFT for an e-skin application. Organic diodes, as sheet-type thermal sensors, were
connected to the drain contact of the transistors. The thermal sensor was manufactured
on an indium-tin-oxide (ITO)-coated poly(ethylenenaphthalate) film. A p-type
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semiconductor of copper phthalocyanine (CuPc) and an n-type semiconductor of
3,4,9,10-perylenetetracarboxylic-diimide (PTCDI) were deposited. Then, a gold film was
deposited to form a cathode electrode. The film with the organic diodes was coated with
a parylene layer and mechanically processed to form net-shaped structures. Finally, to
complete the thermal sensor network, lamination of both the transistor and diode net films
with silver paste patterned by a micro-dispenser was performed.[17]
He et al. [76] reported a temperature sensor incorporating thermally sensitive ionic liquids
into a self-healing polymer (SHP). The sensitivity and repeatability of the fabricated
devices were nearly the same after breaking and self-healing (Figure 1.10). Based on this
feature, self-healing thermal sensors could be a next-generation application in humanactivity monitoring and personal healthcare.
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Figure 1.10

a) Thermal response of a single-channel-based ionic liquid sensor against

the increase of temperature ranging from 35 °C to 45 °C with an interval of 1°C. b)
On–off cycles of the thermal response of the self-healing sensor between 37 °C and room
temperature.

The

SHP

channel

loading

1-Octyl-3-methylimidazolium

hexaﬂ

uorophosphate [OMIm][PF6] functions as c) self-healing circuit, and d) self-healing
electronic sensor. [76]

Overall, numerous types of temperature sensors with wide ranges of thermally sensitive
material have been developed with dynamic sensing ranges matching body-temperature,
i.e., from 25 °C to 45 °C. Consequently, the critical necessities for stretchable and flexible
temperature sensors in monitoring human health are high stability, repeatability,
precision, sensitivity, and resolution in the range of human body temperature. Numerous
materials have been used for making temperature sensors and insight into their variety
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and properties can help candidate selection and employ them for developing new
intelligent and advanced temperature sensors.

Electrically active composite
To make a thermistor, conducting materials are needed as fillers within the structure of
the sensor device. Electrical conductivity is one of the important aspects of many sensor
properties because measurement and quantifying stimulus is based on changes in
electrical conductivity. Electrical conductivity can be provided by metals, but these have
some restrictions on their resources, processability, and some applications such as biology
to employ in/on body (biodegradability and biocompatibility). In this thesis, the main
focus is the use of organic electronic conductors such as carbon materials and conducting
polymers to replace metal as a temperature sensitive conductive filler suitable for
fabricating a flexible temperature monitoring device.
Commonly, there are four primary categories of electrically conductive polymer systems,
each with a different level of conductivity.[77] The first group is the electrically
conductive composites in which an electrically insulating polymer matrix is rendered
conductive with the inclusion of conductive particulate fillers (Figure 1.11a).[78, 79]
Applications for such composites are widespread, and include interconnections, e-printed
circuit boards, electrostatic discharge (ESD), heat sinks, conducting adhesives,
electromagnetic interference (EMI) shielding, and sensor applications.[80-86]

23

Figure 1.11

a) Schematic diagram of hybrid composite filled with AgNWs and reduced

graphene oxide (TRGs). Filler hybridization facilitates the formation of a conducting
network.[87] b) Schematic of ionic electroactive polymer used for the force sensor.[88]

The next group of polymers is ionically conducting polymers. The origin of electrical
conductivity is a result of the movement of the ions in the system (Figure 1.11b). These
types of electrically conductive polymers have practical applications in the battery
industry. [89-93] The third group is redox polymers, their mechanism of operation is
based on immobilized electroactive centres.[94] Though, these centres are not certainly
in contact with the neighbouring centre but can result in charge transfer via electron
transfer from one centre to another through the hopping mechanism.[95] During
conduction, electrons tunnel from one redox centre to another through an insulating
barrier.[96] Increasing the number of redox centres can increase this tunnelling effect.
The fourth group of conducting systems is conjugated polymers. These inherently
conductive polymers are made up of alternating double and single bonds, creating a
conjugated network. The freedom of electron movement within this structure is the source
of the electrical conductivity. However, conductive polymers have comparatively low
24

electrical conductivity and doping is compulsory to raise the level of the electrical
conductivity. The conductivity of a filled conductive composite is subject to the
concentration of conducting filler and matrix, type of polymer, distribution, and
dispersion of the filler in the matrix.[97]

Electrically Conducting Materials
For developing conductive composites, a conductive filler must be employed. Generally,
for achieving a percolation threshold (the point at which charge can move throughout the
composite), a higher loading of conducting fillers is required. A relatively low loading
amount is needed for structures using fillers such as carbon black compared to isolated
spherical metal fillers.[98] If short carbon fibre or carbon nanotubes are used in place of
particulate carbon black, higher conductivity can be achieved by the addition of a
relatively low level of conductive filler in the polymer matrix. Using metal as fillers in
the insulating matrix has several limitations. For example, they impart poor mechanical
properties, are heavy and easily degraded by oxidation.[99] Organic conductors possess
excellent thermal and electrical conductivities as well as solution processability.

Inherently Conducting Polymers
Since the discovery of Inherently Conducting Polymers (ICPs), or synthetic metals, [100103] interest in and knowledge about this field of organic chemistry has grown
dramatically and have been the subject of much research efforts. They are polymeric or
oligomeric materials composed of phenylene rings and related units such as naphthalene,
anthracene or heteroaromatic rings such as pyrrole and thiophene (Figure 1.12), which
are connected to one another through carbon-carbon single bonds or through vinylene
groups (-C=C-).
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Figure 1.12

Examples of inherently conductive polymers. ICPs are organic polymers

that conduct electricity and are not thermoplastic.

In contrast with metals, the electrical conductivity, electrochemical and physical
properties of ICPs can be tailored for specific applications through the synthesis and
doping processes. [104-106] These polymers have unique electrical and thermophysical
properties and, due to the low hydrogen content and aromatic structure, they show fine
chemical, thermal, and oxidative stability and are practically insoluble in all common
solvents. Their conductivity could be increased to a similar level as that of metals mainly
through `p-doping' (oxidation), or `n-doping' (reduction).[107] Due to the fully aromatic
ring structure and absence of freely rotating groups, the mobility of the repeat units is
highly restricted which results in high glass transition and melting temperatures. In fact,
their melt viscosities are often so high that injection moulding and similar processing
methods are not feasible or practical.
The doping process and the resultant conductivity of ICPs are a result of a number of
processes. For instance, in non-conducting polymeric systems (i.e., polyurethane), the
valence electrons are bound in sp3 hybridized covalent bonds. These "sigma-bonding
electrons” do not have enough mobility to take part in the electrical conductivity of the
material. However, in the case of ICPs, which are conjugated materials, the backbones of
the polymers contain conjugated sp2 hybridized carbon centres. Therefore, there is a
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valence electron on each centre in the pz orbital, which is orthogonal to the other three
sigma bonds. When ICPs are doped by oxidation (removing some of the delocalized
electrons), the conjugated π-orbitals form a one-dimensional electronic band, and the
electrons within this band become mobile. In theory, ICPs can also be doped by adding
electrons to an otherwise unfilled band (reduction). However, practically, most ICPs are
only doped by oxidation (giving p-type materials). The oxidative doping of ICPs is
equivalent to the doping of silicon semiconductors, whereby a small fraction of silicon
atoms is substituted by electron-rich atoms to create semiconductors.[107, 108]
A tremendous amount of intellectual efforts has been put into the development of different
types

of

conducting polymers,

namely

characterization, stability (electrical,

environmental, and thermal), processability, production costs, and applications. Among
the many ICPs developed over the last 30 years are those based on polythiophenes,
polypyrroles, and polyanilines.[98, 109, 110]

Polythiophene (PTh)
Polythiophene (PTh) was first chemically synthesized in the early 1980s. However, the
structure was not identified due to the lack of infusibility and solubility of the
material.[111] Regardless of the synthesis method, PTh was found to be insoluble due to
the strong π-stacking interaction between aromatic rings. Despite the lack of solubility,
PTh films exhibited excellent thermal and environmental stability, high conductivity and
biocompatibility which made it a highly popular material.[112] The doping/dedoping
process can be achieved by a chemical or an electrochemical process. During the doping
process, the conductivity of neutral PTh increases from an insulator to a highly conductive
polymer in its doped form. Figure 1.13 shows the chemical structure and doping/dedoping
process of PTh.[113] A soluble poly(phenylene) is achieved by the incorporation of
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relatively flexible and long side chain or using radical polymerization (ester of 5,6dihydroxycyclohexa-l,3-diene).[114]

Figure 1.13

Chemical structure of PTh. A: undoped and unsubstituted PTh (insoluble),

B: doped and Alkyl substituted PTh (solution processable).

To overcome problems with the solubility of PTh, various substituted derivatives of the
polymer have been developed by adding side chains that carry alkyl, alkoxy, and other
substituents along the polymer backbones.[115] A broad variety of properties such as
aqueous/organic solvent solubility become available by the addition of side chains to the
main PTh polymer backbone. However, the electronic properties of the parent ICP are
degraded due to side chain substitution.[116, 117]

Polypyrrole (PPy)
Polypyrrole (PPy) is the most studied ICP; it can be easily processed, has good stimulusresponsive properties, and has many interesting electrical properties which make it a very
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promising ”smart” biomaterial. It is thermally and chemically stable and electrically
conductive in an oxidized state. PPy has the potential to be fabricated in a large surface
area with control of its porosity. Most of the conductive polymers compared to electrically
conductive nonorganic materials have a low electrical conductivity, and PPy is no
exception to this rule.[118] So to obtain higher electrical conductivity, a doping process
is necessary (Figure 1.14).[119]

Figure 1.14

Chemical structure of polypyrrole (a) and doping state (b). Conducting and

reducing states of PPy can be electrochemically generated from the corresponding
monomers. During electropolymerization, anions from the solution are inserted into the
polymer matrix to maintain the material's electroneutrality, neutralizing the positive
charges generated in the oxidized polymer threads.[120]

The drawback of PPy is its low processability after synthesis, and also its molecular
structure makes it a thermoset. Thermosetting polymers are generally non-flexible due to
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the three-dimensional network of bonds (crosslinking) and are mechanically brittle, rigid
and insoluble after synthesis.

Polyaniline (PAni)
Polyaniline exists in different oxidation levels with different stability and conductivity
(Figure 1.15). [121] It is a desirable conductive polymer because it is inexpensive, easy
to synthesize, displays excellent environmental stability and can be easily chemically
modified. [122] In the available literature reviewed, different ways to produce PAni have
been demonstrated, including; chemical, electrochemical, enzymatic, photo, and plasma.
[123-132] Chemical polymerization is again subdivided into heterophase, solution,
interfacial,

seeding,

metathesis,

self-assembling,

and

sonochemical

polymerizations.[133]

Figure 1.15

Chemical structure of polyaniline (PAni).

Its potential for biological application is restricted by its low flexibility, processability
and also only conducting at low pH, well below physiological pH. Furthermore, PAni
causes some chronic inflammation to the body. PAni has four different oxidation states
and its physical properties change with respect to its oxidation state. The transition from
one oxidation state to another is possible in PAni by simple redox methods
electrochemically or chemically. PAni could be electrically conductive in Emeraldine salt
oxidation state, i.e., when in a medium of pH˂2.5 (Figure 1.16).[134]
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Figure 1. 16 Basic structure of PAni and different oxidation forms of PAni with its doped
states.[127]

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
Of the soluble and processable polythiophene derivatives that have been developed,
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) has been the
most widely used and commercially successful since its development by Bayer in the late
1980s. [105] PEDOT:PSS has been used for several applications, such as sensors,
transparent conducting electrodes, antistatic coatings, electrochromic devices, organic
photovoltaic devices, ink jet printing, rechargeable batteries, supercapacitors, and in fibre
spinning.[135-139] This widespread use of PEDOT:PSS stems from the fact that it is very
stable and highly conductive in its cationic doped state, exhibits good thermal and
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environmental stability, good optical transmission, and excellent processability from an
aqueous dispersion. [140, 141]
PEDOT:PSS can be synthesized by oxidative polymerization of EDOT monomer in the
presence of polystyrene sulfonic acid (PSS) as a template polymer. When synthesized by
chemical oxidation of the monomer in solution, the PEDOT:PSS complex is a water
processable dispersion when PEDOT is in its conductive oxidized state (Figure 1.17).

Figure 1.17

Molecular structure of PEDOT:PSS complex.

There are three main functions for PSS in the formation and stability of PEDOT:PSS
complex; first, dispersing EDOT monomer in the aqueous polymerization medium.
Second, acting as a charge balancing counterion for the PEDOT chain, and finally, PSS
disperses PEDOT segments in water, which makes PEDOT:PSS complex dispersible in
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water. This water processable dispersion is very stable and has an oligomeric nature
containing 6 to 18 PEDOT repeating units. [141-144]
ICPs have been employed in various application such as sensors, batteries biosensors and
catalysis.[145, 146] Conversely, their infusibility, and insolubility, and hence complex
processability, made them problematic in commercial use. To improve processing,
several approaches have been developed: (1) The 'precursor' method, in which a
processable precursor ICP is initially prepared in the proper form and then chemically
converted into the final ICP.[147] (2) The copolymerization method, in that graft, random
or block conductive copolymers which are processable are prepared.[148] (3) the
composite method, where an ICP is incorporated into an electrically insulating matrix. In
the electrically conductive composites, the ICP is the source of electrical conductivity and
the insulating matrix provides appropriate mechanical properties. Highly conductive
materials could be prepared via method 1; however not all ICPs can be prepared by this
method. Generally, method 2 is detailed and complicated. The ICPs developed through
method 3, typically have reasonable electrical conductivity, with the resulting conductive
composites affording the ability to adjust mechanical and electrical properties by varying
the ratio of the conductive component to the insulating component. For this reason, the
third method is most efficient. [149]

Carbonaceous Materials as Fillers
Carbon has long been known as one of the most chemically multi-purpose elements. The
capacity of carbon atoms to contribute to robust covalent bonds (C-C) in various
hybridization states (Figure 1.18) or with non-metallic elements (nitrogen, oxygen,
phosphorus, sulphur, etc.) enables them to form a wide range and size of structures.
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Figure 1.18

Hybridization of the carbon atom.

Carbonaceous materials (CM) have received much attention due to their extensive range
of toughness, thermal, and electrical properties. These properties follow on in materials
ranging from insulating diamond and diamond-like carbon to semiconducting fullerenes
and carbon nanotubes, and low-cost conducting materials such as graphite and carbon
black. With the varied range of molecular compounds present in different natural CM
(from aliphatic to aromatic, with a variety of functional groups), these materials could be
used in a wide range of thermal and electrical properties at very low cost. To use the
potential of these materials, it is critical to develop compatible, low-cost methods of
processing them. A wide range of biocompatible materials have already been used for
developing structures for health monitoring applications. These have included, single wall
carbon nanotubes (SWCNT), multiple walls carbon nanotubes (MWCNT), reduced
graphene oxide (RGO), graphene oxide (GO), chemically converted graphene (CCG) and
graphite.[150] However, it is hard to find a carbonaceous material that meets all the
requirements such as repeatability, sensitivity, and processability for developing a perfect
material for sensing applications.
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Graphene oxide (GO), carbon nanotubes (CNT), fullerenes, graphite, and graphene have
recently attracted the attention of researchers as composite fillers. The structure of the
carbonaceous materials is based on a layer of sp2 hybridized carbon atoms covalently
bonded in a honeycomb lattice which is known as graphene. [151-153] A physical
analogy for graphene that has been put forward is “Atomic-scale chicken wire”.[154] The
carbon-carbon bond length in graphene is about 0.142 nm. Graphene is the basic structural
element of several carbon allotropes including graphite, carbon nanotubes and fullerenes.
(Figure 1.19). [155-157]

Figure 1.19

Schematic of sp2 hybridized carbon allotropes: graphite (3D), graphene

(2D), carbon nanotubes (1D), and carbon fullerenes (0D).[158]

CMs show excellent mechanical, electrical, and thermal properties that make them
suitable fillers to develop materials with high performance for sensor applications.
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Furthermore, carbonaceous fillers such as graphene offer an additional advantage of
displaying antibacterial properties. Combination of the sensing potential and antibacterial
properties of these materials would be useful in the realization of wound healing patches.
[159-161]

Graphite
Graphite is a crystalline carbon and has a layered structure. Figure 1.20 shows the
arrangement of the atoms in each layer and the way the layers are spaced.[162]

Figure 1.20

Simplification of the graphite structure. The distance between the layers is

around 2.5x of the distance between the atoms within one layer.
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Graphite has delocalized electrons that are not contributed in the covalent band. These
delocalized electrons or free electrons in each carbon atom become delocalized and are
free to move throughout and within the whole sheet, and not belong to one carbon.[163]
In solid physics, delocalized electron that facilitates electrical conductivity also cause
thermal conductivity.[164] Graphite has a soft, slippery feel, and high melting point.
Graphite has sheets similar to a pack of cards in that each card (sheet) is robust and strong,
but the sheets can slide over each other very easily.[162] It is insoluble in water and
organic solvents due to the fact that the attractions between solvent molecules and carbon
atoms will never be strong enough to overcome the strong covalent bonds in
graphite.[165] The delocalized electrons are free to move throughout the sheets. If a piece
of graphite is connected to a circuit, electrons can fall off one end of the sheet and be
replaced with new ones at the other end.[166]
Carbon nanotubes (CNT)
CNTs are attractive fillers for making electrically conductive nano composites because
they exhibit excellent conductivity in the range 105 – 12000 S/cm.[167] Carbon
nanotubes are tube-shaped carbon sheets bonded to each other via sp2 bonds. There are
two types of CNTs, namely single wall (SWCNTs) or multiple walls (MWCNTs) (Figure
1.21). The length of CNTs vary between 50 nm to 1 cm, and their diameters range from
1 − 2 nm for SWNTs and 10 − 100 nm for MWNTs.[168] CNTs are usually synthesized
via carbon-arc discharge, laser ablation of carbon or chemical vapour deposition.[169]
CNTs have been widely used in sensor applications, tissue engineering, drug delivery and
regenerative medicine. [170-172] However, in the face of their excellent properties, the
application of CNTs is very debated in biomedical fields, mainly due to their toxic nature,
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high production cost, and physical powder form, which makes them difficult to
handle.[173]

Figure 1.21

Schematic of SWCNT and MWCNT.[174]

Fullerenes
Carbon 60 or ‘Buckminsterfullerene’ is a zero-dimensional (0D) graphitic material
containing 60 carbon atoms arranged in the form of a hollow ball.[175] Aside from its
unique and interesting geometrical shape, it exhibits many properties such as
superconductivity and ferromagnetism.[176] This material has been used to increase the
thermal stability of polymers since its discovery by Kroto and Smalley in 1985.[177] It
can be synthesized via, laser, chemical vapour deposition (CVD), electric arc discharge
and plasma.[178-180] During the last decade, fullerene has been used in several sensor
applications.[181, 182] However, the toxicity and biocompatibility of fullerene have
continuously been questioned. Despite its remarkable properties, it is not a preferred filler
for use in biomedical applications, due to its toxicity, high production costs, low water
solubility and yield.[183, 184]
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Graphene
Graphene is the name of planer sheet of carbon, in a honeycomb lattice, with the twodimensional sheet of sp2-hybridized with a carbon-carbon bond length of 0.142 nm
(Figure 1.22).[185] Its extended honeycomb network is the basic building block of other
main allotropes; it can be stacked to form 3D graphite. Long-range π-conjugation in
graphene produces extraordinary in-plane electrical (∼104 Ω-1 cm-1), thermal (3000-5000
W m-1K-1), and mechanical properties (with Young’s modulus of ~ 1 TPa), which have
long been the interest of many theoretical studies and more recently have become an
exciting area for experimentalists.[186, 187]

Figure 1.22

a) Scanning electron micrograph of single-atom-thick sheets of graphene,

(b) flat graphene crystal in real space (perspective view) and (c) the same for corrugated
graphene.[188]
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Even though graphite has been used by humans for 6000 years, and graphite has been
identified as a mineral for approximately 500 years. It was in the 1960s that graphene was
studied for the first time via isolating as a single-atom plane of graphite. The electrical
property of graphene attracted the attention of scientists at that time; but, research on
graphene moved slowly as a synthesis of this nanosheet was found to be experimentally
difficult.[189, 190] Different methods were taken to synthesize this honeycomb structure,
including the same methods used for developing CNTs, but none of them were capable
of preparing high-quality graphene. Revolution in graphene happened in 2004 when
Konstantin Novoselov and Andre Geim successfully produced high-quality graphene
crystals with the simple method of peeling off the graphite flakes via scotch tape.[191]
Since then research on graphene has risen sharply, the synthesis and functionalization of
graphene (Figure 1. 23) was further developed and optimized, and graphene has found
application in different fields of science.

Figure 1. 23 Chemical structure of GO-hydrophilic groups are coloured red (carboxyl
groups) and blue (hydroxyl and epoxy groups).[192]
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Graphite has an anisotropy property [162] with the px, s, and py atomic orbitals on each
carbon hybridiz able to form robust covalent sp2 bonds, giving growth to 120 ° C-C-C
bond angles. The pz orbital on each carbon overlaps with its three adjacent carbons to
form a band of filled π orbitals, which is known as the valence band, and a band of empty
π orbitals named the conduction band. Although three of the four valence electrons on
each carbon has the σ (single) bonds, the fourth electron forms one-third of a π bond with
each of its neighbours producing a carbon-carbon bond order in graphite of one and onethird. Lacking chemical bonding in the c-direction out-of-plane interaction is very weak
and comprises the spread of thermal and charge carriers. This results in out-of-plane
thermal and electrical conductivities that are both more than 103 times poorer than those
of their in-plan analogues. The outstanding properties of graphene make it suitable for
use as a reinforcing filler for the preparation of polymer composites.[162]

Hydrogels
Electrically conducting polymers suffer from mechanical limitations such as flexibility,
so it is essential to use another material to address these limitations in a smart composite
for sensing applications. An attractive candidate for this purpose is a class of materials
known as hydrogels.
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Figure 1.24

Representative applications of hydrogels. (A) Bioelectrodes, (B)

Biosensors, (C) Energy storage devices, (D) Drug delivery, (E) Neural electrodes, (F)
Tissue engineering.[193]

Hydrogels emerged in the early 1950’s as being of great importance in the biomaterials
field in part due to their ability to imbibe large amounts of water. Firstly, hydrogels found
application in the agricultural and adsorbent industries, and then their applications were
extended to other industries where an excellent water holding property was of prime
importance.[194] Hydrogels are a class of cross-linked and water-swelling polymers with
a three-dimensional network structure. Within this structure, the main chain or branched
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chain contains a large number of hydrophilic groups. The result is an elastic network
with water effectively filling the interstitial space of the network. When immersed and
equilibrated in an aqueous medium, cross-linked hydrogels assume their final hydrated
network structure which brings into balance the forces arising from the solvation of the
repeat units of the macromolecular chains that leads to an expansion of the network (the
swelling force) and the counterbalancing elastic force of the cross-linked structure (the
retractive force).[195]
These characteristics have allowed hydrogels to be used in biomedical applications that
include biosensors, drug delivery systems, and contact lenses (Figure 1.24). [195] Their
unique characteristics, being of a soft elastomeric nature, serves to minimize mechanical
and frictional irritation to the tissue bed, their low interfacial tension contributes to a
reduction in protein adsorption and hence biofouling and cell adhesion, and their swelling
capacity results in high permeability for low molecular weight drug molecules and
metabolites. [196-203]
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Conductive Hydrogel
Conducting polymers and hydrogels are macromolecular systems which present special
and important characteristics that make them suitable for a broad range of practical
applications. [204-210] The electric properties of conducting polymers make them
suitable for devices driven by an external electric signal, such as a voltage or current [211]
Whilst hydrogels are 3-dimensional structures formed by the cross-linking of hydrophilic
polymeric chains, their swelling degree in solutions is dependent upon the chemical
nature of the media, pH, ionic strength and temperature.[212] Hydrogels and conducting
polymers are also called ”smart materials” due to their change of volume or release of
substances upon the application of an external signal.[213]
The combination of hydrogels and ICP permits both materials to preserve their unique
responsive properties [195], and the resultant electrically conductive hydrogel is an
intelligent hydrogel that can respond to electrical stimuli. Electroconductive hydrogels
belong to the general class of multifunctional smart materials that seeks to combine the
inherent properties of constituent materials to give rise to technologically relevant
properties for devices and systems. [195, 214] The key applications of electro-conductive
hydrogels are: biorecognition membranes for implantable biosensors, electrostimulated
drug release devices for programme delivery sensors,[215] fuel cells,[206]
supercapacitor,[216] dye sensitive solar cell [217] and rechargeable lithium batteries
[195, 218] These applications provide new horizons for these stimuli-responsive,
biomimetic polymeric materials. Moreover, combining the properties of hydrogels with
conductive components allows the conductive polymer hydrogels to provide an excellent
interface between the electronic-transporting phase (electrode) and the ionic-transporting
phase (electrolyte), between biological and synthetic systems, as well as between soft and
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hard materials.[219] While conductive hybrid polymer hydrogels have attracted the
interest of researchers, there are intractable problems with these materials such as their
complicated synthesis procedures and poor mechanical toughness.

Polyurethanes
Polyurethane (PU) is a widely used polymer with numerous functional applications due
to its unique property of possessing the elasticity of rubber combined with the durability
and toughness of metal.[220] The origin of this material dates back to World War II where
it was first developed as a supplement for rubber. The thermal and electrical conductivity
of PU is varied from insulator to conductive via synthesis and/or compositing with a
conductive material. [221-225] The resulting conductive composites of polyurethane are
suitable for sensors, corrosion-resistance paints, electrostatic dissipaters, EMI shielding,
and many other applications. [28, 226-229] PU’s are reaction products of polyisocyanates
(–N=C=O) group with other species containing active hydrogens such as polycarbonates,
hydroxyl-terminated polyesters, polyamines, polyethers, or polyols. The reaction leads to
a unique polyurethane that is composed of diisocyanate-based hard polymer segments
polyester or polyether soft segments. (Figure 1.25)
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Figure 1.25

Schematic structure of PU; a: soft segment and b: hard segment.

During the past few decades, research on electrically conductive polyurethane composites
has grown and resulted in the discovery of various applications for PU.[230] Binary
composite systems, containing conductive fillers in the polymer matrix, resulted in
materials that are electrically conductive, tough, and flexible. Despite these milestone
improvements in PU composite properties, these composites suffer from the need of high
levels of conductive fillers to reach a percolation threshold of sufficient electrical
conductivity.[231, 232] The necessity to include a high percentage of fillers in search of
electrical or thermal characteristics often leads to scarifying the mechanical properties of
the matrix, so it is critical to obtain electrical and thermal conductivities with the
minimum volume of fillers. The composite performance can be varied by varying the
filler loading in order to satisfy the requirements dictated by the specific device demands.
Electrically conductive PU composites with polyaniline, polypyrrole, or polythiophene
are classified as tough conductive materials that have a combination of the electrical
conductivity of intrinsically conducting polymers and the elasticity and toughness of PU.
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Polyurethane conducting polymers
Polyurethane–polyaniline blends
Among conductive polymers, polyaniline has many attractive processing properties.
However, the chain stiffness renders processing difficult; meanwhile, the polymer in its
doped form is insoluble in almost all organic solvents, and the mechanical properties are
not processable. Conductive polyaniline and its derivatives were produced in several
different ways; polyblend and block copolymers of PAni and poly(p-phenyleneterephthalamide) were spun from concentrated sulphuric acid [233]; poly(o-toluidine)
was spun from sulphuric acid, m-cresol and N-methyl-2-pyrrolidinone (NMP); high
molecular weight emeraldine base (EB) was spun from NMP and N,N′-dimthylproylene
urea (DMPU); EB was spun from a melt, protonated with dodecylbenzenesulfonic acid
(DBSA)[234]; and leucoemeraldine base (LB) was spun, post-oxidised, then doped to
give the conductive emeraldine salt (ES). [92] In opposition to polyaniline, PU is a
processable polymer [129] and it is expected that when both are blended, processability
will be enhanced for PAni and electrical conductivity is attained for electrical insulating
PU.[235] Since PAni is electrically conductive in its Emeraldine salt oxidation state, at
pH ˂ 2.5[127], to obtain PU-PAni composite, it is, therefore, necessary that PU must be
stable at this pH. For tackling this problem, PAni was synthesized in an aqueous
dispersion employing water soluble PU to make a conductive PU-PAni composite. [129,
130] Although this method was used for many studies regarding PU-PAni blending, it
has disadvantages, namely the two phases of PU and PAni tend to separate during film
formation leading to non-conductive and conductive regions in the film. Aside from the
methodology mentioned above, grafting (functionalizing) the hard segment of the PU
backbone with conductive polymer is an alternative means of synthesizing PU-PAni
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composites.[132] Using this approach, amine-capped (NH) of PAni-EB was reacted with
isocyanate attached to the PU soft segment.[236] It is likely that some crosslinking with
emine / amine nitrogen in PAni backbone with PU forming networks occurs.[237, 238]

Polyurethane-polypyrrole
Considerable research has been undertaken into polypyrrole because of its high
conductivity especially in its doped state, and easy electrochemical and chemical
polymerization, which makes it a suitable candidate for various applications. However,
PPy has poor mechanical properties and stability at ambient conditions, which restricts
its possible applications.[232]
The solubility of PPy is highly restrained, owing to the extensive cross-linking of the
polymer backbone. Neutral PPy is generally considered insoluble, but it can swell when
exposed to some solvents. Therefore, the conventional methods for polymer processing,
such as melt processing and solution casting, cannot typically be applied for PPy. For
tackling these deficiencies of PPy several efforts have been made to improve the poor
mechanical properties of PPy by making composites or blends with other polymers, e.g.,
PPy-poly(vinyl

chloride),

PPy-poly(tetrafluoroethylene),

and

PPy-poly(methyl

methacrylate)[131], PPy-poly(ethylene terepthalate), PPy-poly(vinyl alcohol). Weiss et
al. made electrically conductive PU-PPy (10-7 to 10-2 S/cm) by adding ferric salts to the
PU and then exposed it to Pyrrole vapors. In other work, polymerisation was performed
in solutions containing either 4,5-dihydroxy-1,3-benzenedisulfonic acid (DBDA) or
nitrate as dopants.[239]
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Composite of PU with CNTs
Discovery of CNTs was one of the progressive milestones for making conductive polymer
composites. These composites are attractive for use in electrostatic dissipation (ESD) and
electromagnetic interference (EMI) shielding, and (at low CNT contents) transparent
conductors.[240] The electrical conductivity of a composite is largely subject to the
concentration of fillers. At a low loading ratio of conductive fillers, the conductivity of
the composite is near to that of the host matrix (insulator matrix). At the percolation
threshold, an increase in the filler concentration results in a significant increase in
conductivity. After this level of increase, the conductivity levels off and approaches that
of the filler material, as described by percolation theory.[167] Based on geometrical
reflections, [241] the rate of the percolation threshold is dependent upon the ratio of
length-to-diameter (aspect ratio) of the filler particles; (higher aspect ratio results in a
decrease in the percolation threshold). [242] The percolation threshold of CNT-reinforced
polymer nanocomposites is much lower than for composites containing conventional
conducting fillers, such as metallic particles, carbon black, or carbon fibres, because of
the high aspect ratio and high specific surface area of CNTs.[242] The most common
method for formulating CNT-composites is from solution since it facilitates formation of
CNT dispersions [243] with either water or organic solvents being used to produce CNTcomposites.[244]
Solution processing is a suitable technique for electrically conductive composite
formation. Nevertheless, melt processing is more applicable to scale up production,
because of its simplicity and speed.[245] However, this approach is only applicable for
blending a conductive polymer with a thermoplastic polymer with remoulding ability as
the matrix polymer chains experiences a dramatic loss of conformational entropy during
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this process.[246] In-situ polymerization, involving a chemical reaction resulting in the
formation of a fine and thermodynamically stable conductive filler phase within the
matrix is also employed for the making of CNT-composites, with the creation of a
covalent bond between the matrix and the CNTs.[247-249]
A MWCNT/ PU composite, synthesized with chemical linkage of MWCNT with PU
matrix has been reported. [250] The study on the mechanical properties of the composite
material showed that the tensile strength and modulus were amplified by adding 2 wt%
MWCNT into the PU matrix. The conductivity of the composite was 10-5 S/cm at 0.5
wt% loading of MWCNTs. [251] The effect of cations such as NaCl on MWCNT-PU
composite properties was investigated [252-255] and showed a 4x increase in electrical
conductivity of the PU.[255] The percolation threshold of the MWCNT was found to be
around 0.5 wt%. [256, 257] Furthermore, the thermal conductivity of the composite was
enhanced by 86 % at 7 wt% of MWCNT. The properties of MWCNTs-PU such as thermal
stability, tensile, and modulus could be improved via functionalization of
MWCNTs.[258-262]
Much research has been performed to improve the mechanical strength of hydrogels
through the inclusion of carbon conducting materials (e.g., graphite, carbon black and
carbon nanotubes) to form carbon conductive composite hydrogels. These composite
hydrogels can be strength-enhanced, however the preparation process typically involves
the complicated methods of free radical polymerization and electrodeposition. Therefore,
it is important to develop a facile method via blending carbon conducting substances with
polymeric hydrogels directly to obtain conductive composite hydrogels.[263]
Due to the mechanical, electronic and thermal properties of graphene, it has been used in
various applications, including field effect transistors, sensors, transparent electrodes,
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batteries, supercapacitors, optoelectronics, biodevices, drug delivery systems, and
composites.[264-273]
It is recognised that various noncovalent forces (including hydrogen bonding, ionic, and
amphiphilic) exist in graphene-based hydrogels.[209, 274] Graphene materials are
regarded as ideal fillers in the preparation of polymer composites due to their high aspect
ratio and excellent mechanical, electrical, optical, thermal and magnetic properties. In
contrast to other widely used nanomaterial fillers such as carbon nanotubes, the synthesis
of graphene is facile, inexpensive and can easily be scaled up.[275] It has also been
reported [276-278] that graphene/polymer composites exhibit improved thermal,
electrical and mechanical properties compared with other nanostructured carbon fillers at
similar volume fractions while retaining the processability of the polymer, thus allowing
the fabrication of complex three-dimensional structures.
The combination of ICPs and liquid crystal graphene oxide (LCGO) has resulted in an
advanced multifunctional composite. This kind of composite offers an attractive route to
reinforce ICPs while enhancing electrochemical performance based on morphological
modification or electronic interaction between ICPs and LCGO. It has been shown [281]
that composites based on ICPs and graphene exhibit properties of each of the individual
components with synergistic effect due to a facile charge transfer between the two
constituents. This charge transfer, which is in contrast with composites containing nonconducting matrix, reduces the enhanced contact resistance between adjacent sheets. In
the case of a non-conducting matrix, the efficiency of charge transfer within the adjacent
sheets is strictly limited due to the insulator-coating of the sheets. Composite production
using ICPs eliminates this resistive barrier and maximizes the electron transport among
the LCGO sheets to improve the conductivity and electrochemical performance. The
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addition of LCGO to ICPs is also attractive because of the limited conductivity of ICPs
in their reduced state; the state in which graphene can function as the conducting platform
for charge delivery.[281]

3D Printing of Scaffolds
More than three decades since its introduction by Charles Hull, 3D printing technology
has revolutionized research processes. It is also commonly referred to as solid freeform
fabrication (SFF), rapid prototyping (RP), or additive manufacturing (AM).[282] 3D
printing has only recently been applied to biomedical engineering and applications. In
this decade scientists have been developing 3D printers with the ability to fabricate
complex 3D biomedical devices.[283] 3D extrusion printing is an attractive method of
scaffold formation in the biomedical field due to reasonable accuracy and the capability
of printing a varied range of biomaterials. Extrusion printing is based on extrusion of a
melt or solution through a nozzle and X, Y, Z movements via a predefined 3D CAD
(Computer Aided Design) generated pattern to create a 3D structure. 3D models are
typically sliced into vertical sections or ‘layers’ via a chosen slicing software allowing
for the structure to be printed layer by layer (Figure 1. 26).
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Figure 1. 26

Overview of RP technology that uses a layer by layer build up

process.[284]
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Thesis outline
From the literature survey reported in the preceding sections, the most promising aspects
of current research have been given due consideration for the basis of the work of this
PhD thesis. Therefore, this PhD study focuses on the development of a flexible and
stretchable conductive hydrogel material based on graphene and PEDOT:PSS for
temperature sensing. This thesis describes the novel modification of LCGO with chloride
salts to increase the storage moduli, viscosity and thermal conductivity properties.
Development of a novel processable conductive hydrogel via inclusion of LCGO and
PEDOT:PSS within a PU matrix has subsequently been undertaken to develop a flexible
material, referred to as polyurethane hybrid composite (PUHC), for temperature sensing
applications. The processability of the PUHC was investigated via the printing of 3D
structures. Furthermore, the biocompatibility of the synthesized conductive hydrogel was
examined through cell study. The structure of the thesis is as follows.
Chapter 1 describes the motivation of the work and reviews the related literature
describing the background work already published in this field of research.
Chapter 2 describes general experimental methods used in this work such as synthesis
of modified liquid crystal graphene oxide (m-LCGO), polyurethane hybrid composite
(PUHC), mechanical, electrical, thermal, and rheological characterisation.
Chapter 3 describes the work undertaken to form electrically and thermally conductive
LCGO. The review of the literature highlighted the lack of a comprehensive study on the
use of simple and low-cost methods to improve the electrical and thermal conductivity of
LCGO and impact of cations post-treatment on mechanical and rheological properties of
LCGO. Therefore, the development of modified LCGO (m-LCGO) is investigated here.
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Chapter 4 develops a conductive hydrogel. PU, an electrical isolator, is a promising
material for the development of biomaterials. However, the lack of data about the
conductive polyurethane conductive hybrid composite (PUHC) with LCGO/PEDOT:PSS
composites in the literature motivated a comprehensive study on this subject here. The
mechanical, electrical and biocompatibility properties of PUHC composite and the
optimization of the ratio of the filler is presented in this chapter.
Chapter 5 presents work performed to develop a preliminary thermistor sensor based on
the developed PUHC. Sensor characterization tests, mechanical properties, and impact of
other ambient physical stimuli are described. Finally, PUHC was employed as an ink for
extrusion 3D printing. Design, rheological and morphological properties of the 3D printed
PUHC temperature sensor are discussed.
Chapter 6, Conclusions and recommendations.
Each chapter contains a short introduction, followed by experimental, results, discussion
and conclusions.
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2 Chapter 2

General Experimental
This chapter describes the general materials, synthesises, and characterization methods
which have been used in this Thesis. Specific experimental procedures of each chapter
will be described in more detail in the relevant chapters.
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Material
Sodium chloride (NaCl) was obtained from Aladdin-reagent. Potassium chloride (KCl),
calcium chloride (CaCl2.2H2O), 50 wt.% hypophosphorous acid (H3PO2) and magnesium
chloride (MgCl2.6H2O) were purchased from Sigma-Aldrich and used without further
purification. All chemicals were analytical grade and their solutions were prepared using
Milli-Q water (18.2 MOhms) (Nanopure water, Barnstead). Expandable graphite used as
the precursor for synthesizing ultra-large GO sheets was obtained from Asbury Carbon
(3772). Orgacon™ DRY re-dispersible PEDOT:PSS pellets were from Agfa. Ethanol and
DMF were purchased from Sigma-Aldrich and used as supplied. HydroMed D3
(AdvanSource, USA; referred to as PU-D3 hereafter) was used as the base polyurethane
material (PU-D3).

Synthesis of Graphene Oxide
Graphene oxide (GO) was synthesized from natural graphite powder using a modified
Hummers’ method in two steps to achieve better oxidation of graphite. The whole
procedure was performed in a fume hood and the temperature of the reaction was
controlled accurately by a digital thermometer. In the preoxidation step, K2S2O8 (5g) and
P2O5 (5 g) were added successively into an 80 °C solution of concentrated H2SO4 (30 ml),
followed by addition of 10 g graphite powder. The reaction was carried out in a three
neck flask located into a dish containing silicone oil to be able to accurately control the
reaction temperature. The mixture was stirred at 80 °C for 4.5 hrs. After cooling to room
temperature, the mixture was carefully diluted through dropwise addition of cold distilled
water with continuous monitoring of the temperature. Then, the resultant sample was
filtered and washed until the washings became pH neutral and air-dried. In the second
oxidation step, the graphite powder was put into 230 ml cold (0 °C) concentrated H2SO4
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and 30 g KMnO4 was added gradually with stirring and cooling, so that the temperature
of the mixture was kept below 12 °C. The reaction was carried out by putting the reaction
flask into an ice bath to control the temperature and ensure the exothermic reaction was
controlled. The temperature of the mixture was increased to 35 °C by gradual addition of
warm deionised (DI) water to the ice bath, stirred for 2 hrs and followed by careful
addition of 920 mL DI water maintaining the temperature at 35 °C. The mixture was then
diluted with 0.5 L DI water and stirred for 15 min. Successively, 1.5 L of DI water was
added to the mixture to terminate the reaction followed by dropwise addition of 30%
H2O2 (25 ml). The colour of the mixture changed to bright yellow at this stage. The
mixture was washed and centrifuged with 1 M HCl solution (2.5 L) in order to remove
metal ions. Finally, the GO product was washed with DI water through centrifugation (at
13,200 rpm by Eppendorf Centrifuge 5415D) until the washings became neutral.

PEDOT:PSS dispersions
Aqueous dispersions were prepared from the PEDOT:PSS pellets (Orgacon DRY redispersible PEDOT:PSS pellets were from Agfa) with concentrations of up to 30 mg ml1

. The dispersions were prepared by homogenizing at 11,000 rpm for 10 min (Labtek

IKA T25 homogenizer) followed by 1 hr bath sonication (Branson B5500R-DTH). DMF
R

and EtOH were directly added to the formulation and then homogenized at 11,000 rpm
for 2 min followed by 10 min bath sonication.
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Development of An Easy To Produce; An Electrical Conducting Tough
Hydrogel
For making LCGO dispersions in EtOH, 10 ml of the stock aqueous LCGO was poured
into a 50 ml centrifuge tube (Nalgene, Thermofisher, USA) to which 20 ml of the EtOH
was added and then mixed vigorously by vortex shaking. After centrifugation, 30 ml of
the supernatant was extracted, replaced with 30 ml of the EtOH and then mixed
vigorously by vortex shaking. This process was repeated 10 times to replace the water
with the EtOH. PU/LCGO/PEDOT:PSS composite (PUHC) formulations were prepared
as follows: various amount of LCGO dispersion in EtOH were added to a 1:1 mixture of
DMF and water. PEDOT:PSS (10 mg ml-1) was then added to this mixture. Separately,
PU-D3 solution (5 % w/w) was prepared by dissolving PU in a 95:5 mixture of
EtOH:water. This PU-D3 solution was added to the LCGO/PEDOT:PSS dispersion in
DMF:water. The final concentration of PU in this mixture was 92 % w/w. Subsequently,
the mixtures were stirred by a vortex mixer (45 °C for 24 hrs) in a round-bottom flask.
Hydrogel films from these formulations were formed via solution casting in glass Petri
dishes. Solvents were removed using a vacuum oven (70 °C, -80 Kpa, 12 hrs) to obtain
uniform films. After evaporation of solvent mixture, films were rehydrated by adding
water on top of the films, allowing them to fully swell and subsequently release from the
Petri dish.

Experimental Techniques

Tensile test
The samples for mechanical testing were prepared by laser cutting films (Versa Laser
VLS4.60) into strips of 5 mm wide and 15 mm long. The tensile properties of sample
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strips were measured at a constant strain rate of 0.01 mm min−1, and tests were performed
on at least 7 replicates of each sample. The tensile strength, elongation at break and
Young's modulus were reported as the average of all measurements.

Electrical conductivity
The electrical conductivity of the samples was measured using both two-point probe and
four-point probe methods. The bulk conductivity of the samples was measured by a twopoint probe method using a multimeter (Fluke 287 True-RMS). The film was cut into
specific dimensions and was fixed on a glass slide. A line of silver paint was then painted
at the edges of the film to ensure better contact between the film and the probes. The sheet
resistance was then measured by putting the probes on the silver painted edges of the
opposite sides. The conductivity was then calculated using the following equation:
𝐴

ρ = R𝑙

……. (Equation 2.1)

𝑙

σ=𝜌

……. (Equation 2.2)

Where ρ is the resistivity (Ω/□), R is the resistance (Ω), A is the cross-sectional area of
the specimen (cm2), l is the length of the specimen (cm), and σ is the conductivity (S cm1

).

The electrical conductivities of the LCGO and m-LCGO hydrogel films were measured
using a four-point probe resistivity measurement system (JG 293015 Jandel) with a linear
four-point probe having a 0.65 mm pin distance at ambient temperature. The conductivity
values reported here are the averages of 10 consecutive measurements across different
locations of each sample with measurements repeated on 3 different samples prepared in
the same way.
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Scanning electron microscopy
Scanning electron microscopy (SEM) images were taken with a field-emission SEM
instrument (JEOL JSM-7500FA). Samples were frozen in liquid nitrogen, fractured and
sputter-coated (EDWARDS Auto 306) with a thin layer of gold (12 nm thickness).
Graphene oxide sheets
SEM analyses were carried out by first depositing LCGO sheets from their dispersions
on pre-cleaned and salinized silicon wafer (300 nm SiO layer). Silane solution was
2

prepared by mixing 3-Aminopropyltriethoxysilane (Aldrich) with water (1:9 vole) and
one drop of hydrochloric acid (Sigma–Aldrich). Pre-cut silicon substrates were salinized
by immersing in aqueous silane solution for 30 min and then washed thoroughly with
Millipore water. LCGO sheets were deposited onto salinized silicon substrates by
immersing a silicon substrate into the LCGO dispersion (50 µg ml-1) for 5 seconds, then
into a second container containing Millipore water for 30 seconds and then air-dried. Prior
to SEM analysis, LCGO sheets were observed under an optical microscope to ensure
uniform LCGO sheet deposition was achieved. As-deposited LCGO sheets were directly
examined by scanning electron microscopy.

X-ray diffraction
X-ray diffraction (XRD) analysis of the LCGO and m-LCGO was conducted using a GBC
MMA diffraction instrument (GBC Scientific Equipment Pty Ltd, Australia) with Cu Kα
radiation (λ = 0.154 nm), operating at 40 keV and with a cathode current of 20 mA. The
spectra were obtained between angles of 5° and 40° with typical scan speeds of 0.5° min61

1

utilised. The sample was prepared through depositing 500µl DMF-dispersed dispersion

with 0.5 mg ml-1 concentration on a quartz substrate followed by evaporating the solvent
at room temperature. For m-LCGO and PUHC films and their composites, a 1.5 × 1.5 cm
film was mounted on the quartz substrate using ethanol.

Raman spectroscopy
Raman and polarized Raman spectra were recorded on a Jobin Yvon Horiba HR800
Raman microscope using a 632 nm laser line and a 300-line grating to achieve a resolution
of ± 1.25 cm-1/pixel. In the case of polarized Raman mode, samples were fixed on a
substrate and a set of reference spectra was recorded, referred to as P0°. Another set of
spectra was then recorded after the laser was polarized by 90° and referred to as P90°.
The qualitative orientation parameter, P-qualitative, was then derived from their
respective Raman intensities at 1426 cm-1 (relative to the Raman intensity at 1000 cm-1)
using equation 4 and tests were performed on at least 3 replicates of each sample.
P-qualitative = 1-(IP90°IP0°)

...

(Equation 2.3)

Rheological characterization
Rheological properties of aqueous LCGO, m-LCGO, and PUHC dispersions were
investigated in a rheometer (AR-G2 TA Instruments) with a conical shaped spindle
(angle: 2°, diameter: 40 mm). Approximately 600 µl of sample dispersions was loaded
into the rheometer with great care taken not to shear or stretch the sample. Shear stress
and viscosity were measured at shear rates between 0.01 to 10 using logarithmic steps
(total 200 points) for two complete (ascending and descending) cycles. Shear rate was
kept constant at each point for 2 minutes with the data recorded during the last 15 seconds
being reported.
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Time sweep oscillation tests were carried out at 25 °C and constant strain and frequency
(0.01 and 1 Hz), using the same cone-plate geometry set up. The rheological values
reported here are the averages of 5 repeats of each samples prepared in the same way.

Preparation of PUHC Printed Scaffolds

PUHC composites were extrusion printed into scaffold structures using a KIMM
SPS1000 bio plotter extrusion printing system (Figure. 2.1), in which the extrusion
assembly is mounted on a three-axis stepping system above a level stage for full
mechanised control of its XYZ axes via an associated computer system with customised
software. Materials are extruded through interchangeable tips with internal diameters of
100-500 µm attached to a pressurised stainless-steel barrel enclosed in a temperature
controlled jacket. For extrusion of these composite materials, the barrel temperature was
set to 45 °C and the applied pressure varied between 250-500 kpa (120 kpa was applied
for fabrication of polyurethane hybrid composite temperature sensor which is discussed
in Chapter 5) .
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Figure 2.1

a. Schematic of extrusion printing system (by Mr Rhys Cornock –

University of Wollongong) and b. KIMM SPS1000 bio plotter extrusion printer.
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3 Chapter 3

Ionic Interactions to Tune Mechanical,
Electrical and Thermal Properties of Hydrated
Liquid Crystal Graphene Oxide Films

This chapter has been adapted from the published article “Mohammad Javadi, Sina
Naficy, Stephen Beirne, Sepidar Sayyar, Rouhollah Jalili, and Simon E. Moulton. "Ionic
Interactions to Tune Mechanical and Electrical Properties of Hydrated Liquid Crystal
Graphene Oxide Films." Materials Chemistry and Physics 186 (2017): 90-97.”

The introduction section of this chapter is a modified version compared with the published
article to avoid duplication with the comprehensive literature review of Chapter 1.
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Introduction

As described in Chapter 1, the development of a flexible biocompatible temperature
sensor will require the addition of a conductive filler material to an elastomeric matrix.
Graphene has opened new pathways for developing a broad range of novel functional
composite materials. [285] Theory suggests that single graphene sheet may have
unusually high thermal conductivity, but there is gap of knowledge about thermal
conductivity between the adjacent sheets of graphene and impact of oxygen groups on
thermal conductivity.[286]
Graphite, a planar structure made of multi-layered graphene sheets, is the main source of
processable graphene derivatives such as graphene oxide (GO). GO is a unique,
unconventional soft material [287-291], which is one of the most scalable derivatives of
graphene (Figure 3.1). It is a monolayer material consisting of a hydrophilic graphenic
sheet bearing oxygen functional groups on its basal plane and edges.[292] Through the
process of oxidation, different functional groups form on the graphenic sheets, which
results in their exfoliation and render the individual sheets dispersible in polar
solvents.[293, 294]
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Figure 3.1

Functional groups of GO[295]

It has been discovered that the electrical and thermal properties of graphene strongly
depend on its unique structure and morphology. Namely, the size of graphene and its
derivatives plays an important role in their electrical and thermal conductivities.[296-300]
The thermal conductivity (κ) of graphene is dominated by phonon transport, namely
diffusive conduction at high temperature and ballistic conduction at sufﬁciently low
temperature.[302]Large GO sheets exhibit fascinating properties, such as the ability to
form liquid crystalline dispersions, known as Liquid Crystalline Graphene Oxide
(LCGO). Liquid crystal (LC) could be defined as a “mesomorphic ordered state of
anisotropic particles that bears liquid-like fluidity as well as crystal-like ordering”.[301]
Within current research, LCGO is viewed as a promising component for advanced
conductive devices.
LCGO dispersions can improve the processability and induce order in the resulting
composite materials at atomic levels [303, 304] and can be used to construct high strength,
highly conducting, self-assembled layer-by-layer composites after reduction[305], and to
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make the high surface area in sensor applications.[306, 307] By reducing graphene oxide,
oxidized functional groups are removed, to obtain a graphene material. The ability to
produce LCGO in large scale and fabricate it into various functional structures, in a costeffective manner, is crucial for enabling realisation of its potential applications.[308, 309]
In this regard, LCGO obtained by chemical exfoliation of natural graphite has a great
potential for use as a filler material in thermistor based temperature sensing applications.
The properties of LCGO dispersion permits using scalable techniques.[310] However, the
development of large-area graphene-based free-standing films using LCGO or GO with
high mechanical properties, flexibility, stability (in water and another organic solvent),
and conductivity, is still an ongoing challenge.
The development of free-standing (FS) films based on GO and/or LCGO have been
achieved using a variety of techniques such as solvent-casting and filtration.[311]
Utilizing these one-step fabrication approaches to make FS films is very appealing due to
their low processing cost, and has potential for bulk production of graphene films for
numerous applications. Although a variety of substrates such as indium tin oxide (ITO),
polyethylene terephthalate (PET), glass slide, and thin copper films have been used to
develop FS-GO films, none of them resulted in a film with appropriate mechanical
properties, especially when in a wet environment.[312] Furthermore, films made of largesized graphene sheets break easily during transfer from the casting substrate onto the
target substrate via lift-off techniques.[313] Hence, there are still critical needs for simple,
environmentally friendly, and cost-effective approaches that are scalable for the
preparation of bulk quantities of high fidelity FS-LCGO films with robust mechanical
performance.

68

Hydrated GO films made by filtration of GO dispersions have been reported.[314] Whilst
there are published reports on the chemical interaction of divalent cations on GO paper,
little investigation has been undertaken to study the effect of mono and divalent salts on
the mechanical and electrical properties of FS GO-based structures in their hydrated state.
This chapter describes the gelation behaviour of LCGO dispersion with significant
enhancements in the mechanical properties and electrical conductivity of resulting FSLCGO films upon modification with low quantities of the chloride salt of monovalent
alkali metals (Na+, K+) and divalent alkaline earth metals (Mg2+ and Ca2+). Salt treated
LCGO dispersions and films are referred to as m-LCGO, where LCGO represents liquid
crystal graphene oxide and m is to highlight modification by chloride salts. These
observations can be described in terms of the interactions between the functional groups
of the LCGO sheets and the metals ions [315] and also could be interpreted by the salts
physical properties such as ions size and the valency of positive charge of the cations,
ratio of charge and cations size and/or hygroscopic nature that influences the ability to
take up and retain moisture. [316-319]
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Experimental

Synthesis of modified liquid crystal graphene oxide (m-LCGO)
m-LCGO hydrogel films were prepared by adding required amounts of salt solution (e.g.,
NaCl, KCl, MgCl2 or CaCl2) to 15 ml of the LCGO aqueous dispersion (7.1 mg ml-1).
Milli-Q water was added where required to maintain the final concentration of LCGO at
3 mg ml-1, while the salt concentration ranged from 0.001 mM to 2 M. As a priority of
this study was making of free stand film of LCGO via modified LCGO with chloride
salts, the ability to peel off the m-LCGO film was an important property for choosing the
salt concentration for this investigation. All of the m-LCGO prepared with a salt
concentration ≥0.08mM provide the ability to remove the m-LCGO film. The mixtures
were stirred by a vortex mixer for 2 min and then directly used to form films using a
doctor blade device (K-CONTROL-COATER-System K 303, Model 625) (Figure 3.2).

Figure 3.2 Doctor blade used for making the LCGO film and m-LCGO.

The films were formed on ITO substrates at a coating speed rate of 0.5 m min-1 at RT
then dried in an oven for 10 hrs at 50 °C. Unmodified LCGO films were prepared as
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controls following the same procedure as above without inclusion of the salts. In the
control specimens, Milli-Q water was used instead of the salt solution to obtain the same
LCGO concentration in final dispersions (3 mg ml-1). To remove the m-LCGO hydrogel
films and LCGO films from their substrate, samples were placed in Milli-Q water for 1
hr then carefully peeled off from the substrate surface.

Characterization of LCGO and m-LCGO dispersions and films
Zeta potential measurements were performed on LCGO and m-LCGO dispersions with a
Malvern Zeta sizer Nano series instrument. The electrical conductivity of the LCGO and
m-LCGO hydrogel films was measured using a four-point probe resistivity measurement
system (JG 293015 Jandel) at ambient temperature. The conductivity values reported here
are the averages of 10 consecutive measurements across different locations of each
sample with measurements repeated on 3 different samples prepared in the same way.

Results and Discussion

m-LCGO Dispersions and Rheology
The aqueous LCGO dispersion used here contained large GO sheets with a lateral size as
large as 10 µm (Figure 3.3a). Rheological tests performed on the LCGO and m-LCGO
dispersions revealed a power-law pattern for viscosity as a function of shear rate (Figure
3.3b). This is in agreement with previous reports [320] showing a non-Newtonian
behaviour for LCGO dispersions. The viscosity of m-LCGO dispersions was found to
increase dramatically against salt concentration until a peak was reached, followed by a
gradual decrease as more salt was added (Table 3.1). For all salt concentrations
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considered here, however, the viscosity of m-LCGO dispersions remained higher than
that of LCGO.

Figure 3.3

(a) Scanning electron microscopy (SEM) image of large GO sheets

obtained from the LCGO dispersion used in this work. The scale bar is 10 μm. (b)
Examples of viscosity curve of LCGO and m-LCGO (0.08 mM) dispersions as a function
of shear rate.

The increase in viscosity observed upon addition of salts is indicative of an interaction
between ionic species and charged LCGO sheets. Considering that LCGO sheets are
negatively charged, cations can directly interact with them, establishing ionic bonds.[321,
322] These bonds allow the formation of the network facilitating the formation of freestanding films. Furthermore, ionic bonds between an adjacent sheet of GO potentially
could increase thermal diffusivity via the photonic mechanism.[323]
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Table 3. 1

Viscosity (Pa s) of m-LCGO dispersions as a function of salt concentration

(𝜸̇ =100 s-1).

Salt Concentration
KCl-LCGO

NaCl-LCGO

CaCl2-LCGO

MgCl2-LCGO

0

0.021a)

0.021 a)

0.021 a)

0.021 a)

0.001

0.91

0.034

0.052

0.12

0.005

5.84

0.23

0.37

1.26

0.01

8.21

0.73

0.64

3.50

0.08

6.87

0.67

0.86

3.79

500

3.25

0.56

0.45

1.84

1000

0.64

0.41

0.23

0.32

2000

0.21

0.23

0.18

0.16

(m M)

a)

These values are for the LCGO dispersion.

There appears to be an optimal salt concentration at which maximum viscosity was
achieved (approximately 0.08 mM). The addition of ions alters the ionic strength of the
sheets surrounding, reducing the repulsive electrostatic force between negatively charged
sheets. This process results in destabilization of dispersions. The viscosity of the graphene
oxide dispersions modified with the salt changes in response to this destabilization due to
two phenomena. Namely, i) a quasi-network begins to form through van der Waals
interactions between nanosheets [311] and ii) as destabilisation progresses the suspension
will eventually break down into larger solid gels (as was observed experimentally in this
research). The first phenomenon leads to an increase in viscosity and storage modulus
while the second part results in a reduction in viscosity and storage modulus. LCGO
73

treated with salt concentration ≤0.01 mM were not able to provide free standing films, so
salt concentration 0.08 mM was chosen as an optimum point for further investigation.

m-LCGO dispersions, storage modulus (G’) and loss modulus (G”)
At this optimum salt concentration of 0.08 mM, the structural integrity of the m-LCGO
dispersions was found to be time-dependent and controlled by the type of added salt. To
monitor the gel formation in the m-LCGO dispersions, storage modulus (G’) and loss
modulus (G”) were determined as a function of time at a constant strain (0.01) and
frequency (1 Hz), immediately after salts were added to the LCGO dispersion (Figure
3.4). Interestingly, regardless of the type of salt, the storage modulus (Figure 3.4a) of mLCGO dispersions was considerably higher than that of LCGO (200-1200 Pa vs. 40 Pa).
The dominance of G’ means that the ink behaves like a fluid with insufficient G” to hold
the shape of the printed ink. The increase in storage modulus makes m-LCGO more
printable. Furthermore, while the storage modulus of LCGO dispersion remained constant
over time, a gradual increase in storage modulus was observed for all m-LCGO
dispersions. This indicates an immediate network formation in m-LCGO dispersions,
followed by continuous network development over time. Overall, KCl had the most
profound effect on G’ and G”, followed by MgCl2, CaCl2 and NaCl. This trend is similar
to the viscosity trend against shear rate (Figure 3.4b).
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Figure 3.4

Effect of salts on (a) the storage modulus and (b) loss modulus of LCGO

and m-LCGO dispersions as a function of interaction time at constant strain (0.01) and
frequency (1 Hz). The salt concentration was fixed at 0.08 mM.

Stability of m-LCGO dispersion
It is believed that the LCGO sheets form a stable colloidal suspension as long as the
electrostatic repulsion between LCGO sheets, resulting from their ionized functional
groups, prevents their aggregation in an aqueous medium. The zeta potential is an
important factor for characterizing the charged layer around the colloid particle.[324]
Particles with zeta potentials more positive than +30 mV or more negative than −30 mV
are considered to form stable dispersions due to interparticle electrostatic repulsion
[325].As shown in Figure 3.5, the zeta potential (ζ) of m-LCGO dispersions was very
sensitive to the nature of the added salt. Based on these observations, the LCGO sheets
form stable dispersions where ζ was −34.3 mV. The zeta potential of m-LCGO dispersion
treated with KCl showed a slight decrease to −36.2 mV, while the addition of other salts
had a more destabilizing effect on the dispersion as indicated by an increase in the zeta
potential.
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Figure 3.5

Zeta potential of LCGO and m-LCGO dispersions, 5 min after treatment.

The salt concentration was fixed at 0.08 mM.

The effect of salts on destabilization of LCGO dispersion was also evident from the phase
separation and precipitation of LCGO from dispersions modified with NaCl, CaCl2 and
MgCl2 salts over the course of one week, while LCGO and m-LCGO dispersion treated
with KCl remained fully dispersed after 3 months. The trend observed in the destabilizing
effect of MgCl2, NaCl, and CaCl2 confirms the trend observed in the rheological
characterization of m-LCGO dispersions. As discussed above, the destabilization of mLCGO dispersions will result in a change in dispersions viscosity and viscoelasticity due
to two competing factors. As observed here and reported elsewhere, the screening effect
of NaCl is larger than KCl [326], while it is larger for CaCl2 than MgCl2.[327]
Consequently, the m-LCGO dispersions modified with CaCl2 or NaCl form mechanically
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isolated gel particles (crashing out), which results in a decrease in viscosity and storage
modulus. In contrast, the m-LCGO dispersions modified with KCl or MgCl2 remain in
the quasi-network phase exhibiting a higher viscosity and storage modulus.

Morphology of m-LCGO Films
The m-LCGO films prepared by casting of dispersions treated with a low concentration
of salt (0.08 mM), dispersions showing clear and non-agglomerated (Figure 3.6), had a
multilayered microstructure as shown in Figure 3.7.

Figure 3.6

Representative optical microscopy images of modified-LCGO a-d

dispersions showing clear and non-agglomerated dispersions. b) LCGO, c) MgCl2, b)
NaCl, c) KCl and d) CaCl2 and polarized optical microscopy image (e) of an LCGO
dispersion. The salt concentration was fixed at 0.08 mM.
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On the other hand, SEM images of m-LCGO films made from dispersions treated with
high concentration (2 mM) of salt revealed salt crystals are separating layers of LCGO
sheets (Figure 3.7f).

Figure 3.7

Low and high-resolution SEM images of m-LCGO, cross-section,

modified by CaCl2, at a concentration of 0.08 mM (a-e), and 2 M (f). The SEM image,
cross-section, in (f) clearly shows the formation of salt crystals within the film structure
that potentially deteriorates the mechanical property. (g) SEM image of the surface of a
CaCl2-LCGO film shows no agglomeration in the m-LCGO free standing films. The
scale bars are 10 μm in panels (a), (d), (g) and (f), 100 nm in panel (c) and 1 μm in panels
(b) and (e). The salt concentration was fixed at 0.08 mM.

The addition of higher concentrations of salts also resulted into a dramatic loss of
mechanical properties. Considering the adverse effect of salt concentration on the
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integrity of m-LCGO films along with the observed peak in viscosity of m-LCGO
dispersions at a concentration less than 0.08 mM, m-LCGO films were prepared from
dispersions with 0.08 mM salt concentration.

Raman Spectra of m-LCGO and LCGO
Figure 3.8 shows the Raman spectra of LCGO and hydrated m-LCGO films containing
9.65-26.3% water (Figure 3.14). The spectra showed the existence of the D-band and the
G-band for LCGO and m-LCGO films. The down-shift of D and G bands to the lower
wavenumbers in GO indicates an increase in sp2 carbon-carbon bonds in the structure.
For the LCGO film, the G-band was located at 1609 cm-1, while for the m-LCGO films
the G-band shifted to lower values between 1606 cm-1 and 1595 cm-1, depending on the
modifying salt. The location of the D-band also decreased from 1337 cm-1 for LCGO
films to 1333 cm-1 for m-LCGO films.
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Figure 3.8

Raman characterization of LCGO and m-LCGO films at a concentration

of 0.08 mM, where m-LCGO films were treated with different salts as indicated. The
broken lines indicate the location of D-band and G-band in LCGO film. The salt
concentration was fixed at 0.08 mM.
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Figure 3.9

The ID/IG ratio obtained from Raman spectroscopy for LCGO and m-

LCGO films at a concentration of 0.08 mM.

Depending on the salt, the intensity ratio of the D-band to the G-band (ID/IG) reduced
when LCGO was treated, as shown in Figure 3.9. This reduction in ID/IG indicates that
graphenic sheets within the LCGO are more ordered after modification by salt [328, 329],
and based on Raman spectra; some of the sp2 bonds have been restored.[330-332] The
observed decrease in ID/IG was more pronounced in the case of divalent salts (CaCl2 and
MgCl2) than the monovalent salts (NaCl and KCl). Downshift of D-and G-bands can be
caused by various reasons. As the only difference between the control sample and MLCGO films was treatment via chloride salts, so it’s logical acceptable that difference
between the sp2 carbon-carbon bonds in the m-LCGO structures were because of the
ionic interaction with LCGO functional groups not because of the other reason.
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X-ray diffraction of m-LCGO

Figure 3.10 X-ray diffraction (XRD) patterns of hydrated m-LCGO films prepared
from 0.08mM salt solutions compared with LCGO.

Table 3.2

The d-spacing of GO sheets in LCGO and hydrated m-LCGO films

obtained from XRD spectra. The salt concentration was fixed at 0.08 mM.

Sample

Cation

KCl-

NaCl-

CaCl2-

MgCl2-

LCGO

LCGO

LCGO

LCGO

152

116

114

86

LCGO

species

ionic

diameter (pm)

82

d-spacing (nm)

0.76

1.06

1.07

0.98

0.96

The X-ray diffraction (XRD) patterns of the hydrated m-LCGO films showed a shift of
the 2𝜃 peak to the lower values (Figure 3.10) compared to LCGO which indicates an
increase in layer-to-layer distance (d-spacing) of the LCGO sheets within the samples.
Also, the d-spacing seems to broaden in the presence of added salts. While the XRD peak
of the LCGO film showed a d-spacing peak of 0.76 nm, a considerable shift to higher dspacing values was observed in m-LCGO films, correlating with the ionic size of cationic
species. The sodium and potassium cations have an ionic diameter of approximately 116
pm and 152 pm, respectively, while magnesium has an ionic radius of 86 pm and
calcium’s ionic radius is 114 pm. The correlation between the size of cationic species and
d-spacing is highlighted in Table 3.2, where m-LCGO films treated with NaCl and KCl
had a d-spacing of 1.06 nm and 1.07 nm, respectively, followed by CaCl2 (0.98 nm) and
MgCl2 (0.96 nm). The observed increase in d-spacing indicates the intercalation of these
cationic alkali and alkaline earth metals with LCGO sheets basal planes. However, it is
important to note that this increase in d-spacing is considerably larger than the size of
individual cationic species, suggesting the LCGO sheets are not simply stacked up by
cations. Instead, the LCGO sheets are likely to remain solvated, separated by a large
amount of water.[333]

Mechanical properties of m-LCGO
The typical stress-strain curves for LCGO and hydrated m-LCGO films are presented in
Figure 3.11. Since the LCGO films were not stable in the wet state, mechanical tests were
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performed on dry LCGO films. All hydrated m-LCGO films were tested at their fully
swollen state. Regardless of the salt used to treat the corresponding m-LCGO dispersions,
considerable enhancement was observed in the films Young’s modulus, tensile strength
and elongation at break (Table 3.3) compared to the untreated LCGO films. The average
Young’s modulus, tensile strength, and elongation at break of dry LCGO film was 6.2±0.9
GPa, 84.3±3.4 MPa and 2.5±0.21 %, respectively.

Figure 3.11

(a) Stress-strain curves of the LCGO film and hydrated m-LCGO films

formed from the salt treated dispersions (0.08 mM). (b) Photos show the flexibility and
durability of a hydrated m-LCGO film modified with CaCl2 (0.08 mM).

The m-LCGO films treated with MgCl2 exhibited the highest Young’s modulus (32.7
GPa) and tensile strength (547.2 MPa), followed by m-LCGO films treated with CaCl2
(23.6 GPa and 354.4 MPa, respectively). The m-LCGO films treated with KCl and NaCl
performed lower than the divalent salts but still exhibited at least a two-fold improvement
in Young’s modulus and tensile strength compared to the LCGO film. Compared to other
GO or reduced GO-based systems reported in the literature, the hydrated m-LCGO films
developed here exhibited considerable mechanical enhancement (Table 3.3). On the other
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hand, dried LCGO film prepared from untreated LCGO dispersion performed similarly
to GO films and fibres described by others.

Table 3. 3

Mechanical properties of LCGO film and hydrated m-LCGO films

compared with data from the literature.
Young’s
Tensile

Elongation at

strength (MPa)

break (%)

6.2 ± 0.9

84.3 ± 3.4

2.5 ± 0.21

11.4 ± 2.2

195.5 ± 17.4

3.5 ± 0.12

10.0 ± 2.1

187.3 ± 20.4

4.1 ± 0.52

23.6 ± 1.4

354.4 ± 19.5

3.1 ± 0.28

32.7 ± 2.7

547.2 ± 32.8

3.2 ± 0.35

Treated GO film

~28

~65-140

~0.30-0.50

[25]

GO film

36

~ 117

~ 0.43

[334]

GO film

~ 14.83

~ 178

~ 0.47

[335]

GO fibre

5.4

102

6.3

[336]

42

300

0.8

[337]

Sample

modulus

Reference

(GPa)

LCGO film (dry)

KCl-LCGO film
(hydrated)
NaCl-LCGO film
(hydrated)
CaCl2-LCGO film
(hydrated)
MgCl2-LCGO film
(hydrated)

rGO film (heated at
220 oC)
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This
thesis
This
thesis
This
thesis
This
thesis
This
thesis

Reduced giant GO
+divalent ions cross-

11.2

501.5

6.7%

[338]

12.8 ± 0.8

360.1 ± 12.7

∼2.5%

[339]

linking
Reduced giant GO

The interaction between alkali metals and alkaline earth metals with LCGO sheets can
occur at different levels. The key to understanding the mechanical properties of hydrated
m-LCGO films lies in examining the collective behaviour of stacked platelets along with
the interlayer water molecules. The individual LCGO sheets can be interlinked via a nonuniform network of ionic bonds mediated by cationic species and polar and charged
groups on the LCGO edges and surface.
The observed trend in Figure 3.11a, in which mechanical properties of hydrated m-LCGO
films increase differently with various salts, correlates well with the charge density of
cations in the system, where KCl<NaCl<CaCl2<MgCl2. This indicates that the ionic
interaction between charged cations and LCGO’s functional groups play an important
role in the enhancement of the mechanical properties of hydrated m-LCGO films. Given
the expected chemical functionalities that are present on LCGO sheets, two modes of
interactions for cations with the LCGO sheets in m-LCGO samples are possible: i)
bridging the edges of the sheets through carboxylate chelates to the cation; ii) intercalating
between the basal planes and cations through weak alkoxide, carbonyl and hydroxyl
groups [25]. Moreover, changes in the mechanical properties of the hydrated m-LCGO
film are also linked to the attendance of water molecules in the space between GO sheets
which enhance the mechanical properties through hydrogen bonding to the functional
groups on adjacent sheets in the film structure (Figure 3.11 and Figure 3.12).[340]
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Figure 3.12

Schematic model of the interaction between LCGO sheets and cations

(Mg2+, Ca2+, K+, and Na+) in the presence of water.[341] Anionic counter ions are not
shown here for clarity.

The XRD data (Figure 3.10 and Table 3.2) shows that the d-spacing between LCGO
sheets had increased when salt was added to the system. The ionic interaction between
cations and functionalized groups of LCGO may be mainly through the edges and parts
of the basal planes of two adjacent LCGO sheets which are close enough for ionic
interactions, while the majority of spacing between LCGO sheets is filled with water
molecules. Thus, in addition to ionic interaction, hydrogen bonding between the water
molecules filling the space between LCGO sheets and the oxygen-containing functional
groups of LCGO can contribute to the observed increase in mechanical properties of salt
treated m-LCGO films.[47] This is particularly true for monovalent cations. The
importance of water in the observed mechanical enhancement of hydrated m-LCGO films
was highlighted when fully dried m-LCGO films (120 °C, 10 hrs) demonstrated poor
87

mechanical properties similar to those of dry LCGO films. It was also observed that the
dry m-LCGO films were able to absorb water from ambient air and regain their enhanced
mechanical performance, due to the hygroscopic nature of added salts (Figure 3.11b).

Electrical property of m-LCGO
The ability of m-LCGO in absorbing water from the environment not only contributed to
the mechanical improvement of hydrated m-LCGO films but also assisted the
enhancement of their conductivity. Table 3.4 lists the surface resistivity of LCGO and mLCGO films directly after drying at 50 °C for 10 hrs, along with the surface resistivity of
the same films after being stored under laboratory conditions for 5, 24, 72 and 120 hrs,
respectively. For measurements taken immediately after drying process, the surface
resistivity of all salt-treated films was lower than that of the LCGO film, while CaCl2 and
MgCl2 had the most significant effect on reducing the resistivity up to, 3 and 1 order of
magnitude, respectively. This can be due to restoring of the π-conjugated bonds from
LCGO sheets upon reduction in the presence of cations.[209] Interestingly, the resistivity
of m-LCGO samples continued to decrease until no further change in resistivity was
detected. This time-dependent reduction in surface resistivity was more profound for
MgCl2 and CaCl2, followed by NaCl and KCl.
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Table 3.4

Surface electrical resistance (KΩm-2) of LCGO and m-LCGO films after

drying and then over 120 hrs.
KCl-

NaCl-

CaCl2-

MgCl2-

LCGO

LCGO

LCGO

LCGO

2050

1240

984

1.8

124

5 hrs

2050

1210

970

0.58

73

24 hrs

2050

1200

932

0.53

32

72 hrs

2050

1210

810

0.52

32

120 hrs

2050

1210

790

0.52

31

Sample

LCGO

Dry
50 oC for 10 hrs
After

drying

in

laboratory condition

This trend is similar to the hygroscopic behaviour of these salts (Figure 3.13). The
hygroscopic nature of the salts could result in water absorption until equilibrium was
reached and thus improved ionic mobility within the sample.

Thermal conductivity of m-LCGO
There are many factors affecting the thermal conductivity of graphene filler in the
composite. For example, the defect on graphene, the graphene loading, the orientation of
graphene sheets in the composite and the surface modification, etc.[342] Raman results
in Figure 3.8 showed the down-shift of D and G bands to the lower wavenumbers in mLCGO and that is indicates an increase in sp2 carbon-carbon bonds in the structure and
increase in degree of crystallinity. It is expressing more order in graphite crystallinity and
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higher crystallinity causes an increase in thermal conductivity. Figure 3.13 showed the
impact of ionic salts treatment on LCGO. The thermal conductivity of all m-LCGO show
significant increase in comparison with LCGO.

Figure 3.13

Thermal conductivity of m-LCGO compared with LCGO. The salt

concentration was fixed at 0.08 mM and samples radius were 6.4 mm and thickness of
100±12 µm.

Comprising Hygroscopicity
Critical relative humidity (CRH) of salt is an index for comparing hygroscopic property
at the relative humidity of the surroundings at which the material begins to absorb
moisture. From Table 3.4 it is clear that the NaCl, CaCl2 and MgCl2 salts decrease the
resistivity, with the alkaline earth metal demonstrating the greatest decrease. This
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variation in the extent of resistivity decrease can be attributed to the extent of each salt’s
hygroscopic nature. (Figure 3.14)

Figure 3.14

Hygroscopic nature of salts tested in this study.

The positive impact of adding chloride salts to the LCGO dispersion on the mechanical
properties and electrical conductivity of the resulting m-LCGO films presents a simple
method to utilize GO-based structures when the mechanical performance is important in
the presence of water. The enhancement observed in the mechanical properties of the
hydrated m-LCGO films, especially in their strength and elongation at break, guarantees
their flexibility and stability water. Furthermore, the hygroscopic nature of the salts in the
film structure leads to absorption of water from the environment. This absorbed water is
sufficient enough to keep the m-LCGO films fully hydrated outside of water, with
hydrated m-LCGO films retaining their enhanced mechanical performance. The
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sensitivity of conductivity of m-LCGO films to environmental humidity can also be
useful in sensory applications and electronic applications.

Water Content
To measure the water content (Equation 3.1) of the LCGO and m-LCGO hydrated films,
the samples were dried to a constant weight in a vacuum at 60 °C (Figure 3.15). The water
content was calculated as follows:
Water content% = (W0 − W)/W0 × 100%

(Equation 3.1)

Where W0 and W are the weight of the films before and after drying respectively.

Figure 3.15

Water content of LCGO and m-LCGO film. The salt concentration was

fixed at 0.08 mM.
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Conclusions
Ionic interactions of chloride salts with LCGO dispersions result in an improvement in
mechanical and electrical properties of free-standing films formed from these salts treated
LCGO dispersions. The interaction of the cationic component of the ionic solution with
the charged functional groups of the LCGO sheets facilitates the formation of “cation
bridges” that cross-link LCGO sheets and causes an increase in the m-LCGO dispersion
viscosity and storage modulus. The free-standing films formed from the m-LCGO
dispersions show considerable improvement in their mechanical properties and remain
robust and stable in aqueous solutions. The presence of water in the structure of m-LCGO
films is also crucial for hydrogen-bonding and enhancement of mechanical properties.
Also, the hygroscopic properties of salts used to treat the LCGO dispersion lead to an
increase in conductivity by the absorption of ambient moisture. When left exposed to the
environment, fully dried m-LCGO films are capable of absorbing water from their
surroundings, becoming hydrated and retaining their enhanced mechanical properties.
The significance of the work is that it provides a wide range of properties that can be
adopted based on the application. For example, the MgCl2-LCGO samples provide a
suitable material when high mechanical properties in contact with water and moderate
conductivity are required. While the KCl-LCGO samples, due to the high viscosity of
their dispersions, offer a suitable material for various fabrication techniques. This new
route of treating LCGO dispersions with hygroscopic salts to create high-quality LCGO
films could provide practical solutions to the fabrication of a wide range of devices where
mechanical robustness in a wet environment is required.
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4 Chapter 4

Advanced Conductive Tough Hydrogel for
Bio-applications
This chapter has been adapted from the published article “Javadi M, Gu Q, Naficy S,
Farajikhah S, Crook JM, Wallace GG, Beirne S, Moulton SE. Conductive Tough
Hydrogel for Bioapplications. Macromolecular Bioscience. 2018, 18, 1700270. The
introduction section in this chapter is a modified version compared with the submitted
article to avoid duplication with the comprehensive literature review of Chapter 1.
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Introduction
As described in Chapter 1, for applications of temperature sensors in wearable humanactivity monitoring and personal healthcare we need a thermally sensitive conductive
material with a dynamic range matching body temperature, flexibility, stretchability, and
biocompatibility. Practically, graphene materials could not solely cover the entire
physical requirement for making a thermistor for health monitoring application. In this
chapter, the development of conductive hydrogel based on polyurethane with adjustable
properties is presented and discussed.
Over the last two decades, conductive hydrogels have been of interest to both academic
researchers and commercial organisations. Hydrogels are polymeric materials, with a
hydrophilic structure that renders them capable of holding large amounts of water or other
polar solvents in their 3D networks.[343] Conductive hydrogels incorporate an additional
functionality by enabling the conduction of electricity. Such materials have great potential
for use in wearable and implantable sensors for healthcare, mimicry of neural networks,
soft robotics, and electro-stimulated drug release.[344-347]
Electrically conductive hydrogels have previously been produced by combining a
hydrophilic matrix with conductive fillers [348] such as metallic particles, conductive
polymers (CP), or carbon-based fillers.[211, 311, 349] Composite materials of the
polymeric matrix and randomly dispersed metal particles are considered as heterogeneous
disordered systems and have low durability.[350, 351] Among all CPs, potentially
PEDOT:PSS is the most promising because of its dispersibility (high stability in its pdoped form) in polar solvents and hence excellent processability, and the high
conductivity, attainable. Therefore, PEDOT:PSS has been widely used as a conductive
95

component in many hybrid systems to enhance electrical conductivity.[352-354] In this
regard, the discovery of graphene and its derivatives has opened new pathways for
developing conductive composites. Graphene-based fillers have a high surface area, large
aspect ratio, and excellent thermal and electrical conducting properties that can be
imported to composites containing them.[222] The antibacterial activity of graphene and
its derivatives make it appealing for biomedical application.[159, 355] Notwithstanding,
it is technically impractical to produce scaffolds solely from graphene[356], and so
graphene-based fillers are typically dispersed in processable polymers.[357]
Although graphene sheets exhibit high in-planar (intra-sheet) electrical conductivity, their
trans-planar (inter-sheet) conductivity greatly diminishes for low loading of graphene in
an insulating matrix.[153, 243] The efficiency of charge transfer between adjacent sheets
is normally limited by the insulating coating of the graphene sheets by the matrix material.
While the problem can be addressed by increasing the ratio of fillers to the matrix, this in
turn negatively impacts on the matrix flexibility and stretchability whereby the hydrogel
composites are brittle, possess relatively low flexibility and are unable to undergo
elongational deformations. [358]
In the human body, endogenous electric fields generated from the membranes of cells
serve as important cues to direct cell migration during embryonic development and
wound healing.[359] Accordingly, it has been well documented that externally applied
electric fields during cell culture can improve the growth of electro-responsive cells such
as nerve and muscle cells.[360] Electrically stimulated tissue engineering is dependent
on the identification and development of novel electrode materials that are processable,
electrochemically stable, soft, and biocompatible.[361-363] To date, the development of
an easy to produce conductive and biocompatible hydrogel with the ability to sustain large
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dimensional deformations without any mechanical failure, while remaining stable in
aqueous and dry ambient conditions has proved challenging. Consequently, progress in
the field has been slow due to the limited development of conductive hydrogel
formulations that contain well-dispersed conducting fillers.
Here, the production of an electrical conducting tough polyurethane hybrid composite
(PUHC) hydrogel by a simple method that possesses excellent mechanical performance
and biocompatibility is reported. The PUHC is made from well-dispersed PEDOT:PSS,
liquid crystalline graphene oxide (LCGO) and a hydrophilic polyurethane matrix (PU).
The optimized formulations used to prepare the PUHC are easy to process via solution
casting to produce films with high conductivity and stretchability. Biocompatibility is
demonstrated through culture and differentiation of clinically-relevant human neural stem
cells (hNSCs) to neurons and supporting neuroglia on the films, with electrical
stimulation enhancing neuritogenesis.

Experimental
PUHC used in this study is also employed in Chapter 5, therefore in order to avoid
repetition, the materials and methods of PUHC formulation is described in Chapter 2,
Section 2.1.3.

Characterization of PUHC
The water content was calculated as follows:

water content (%) =

(𝑊𝑜−𝑊)
𝑊𝑜

……..(Equation 4.1)

𝑥 100%
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Where Wo and W are the weight of the films before and after drying respectively.

Cell culture and differentiation
Working stocks of human neural stem cells (hNSCs, ReNcell CX, SCC007, Millipore)
were maintained under 5% CO2, seeding at a density of 2 – 3 x 106 cells in self-renewal
medium consisting of NeuroCult NS-A (#5751, Stem Cell Technologies) with 2µg/ml
Heparin (Sigma), basic fibroblast growth factor (FGF2, 20ng/ml; Peprotech) and
epidermal growth factor (EGF, 20ng/ml; Peprotech) on laminin (Life Technologies)
coated 6-well plates (Greiner Bio-One). Cells were passaged every 5-7 days by digesting
in Triple (Life Technologies) for 3 min at 37 °C. hNSCs were similarly cultured on
PUHC-film that was fixed to the bottom of culture plate wells. Differentiation of hNSCs
was performed in a differentiated neural medium comprising two parts DMEM F-12: one
part Neurobasal supplemented with 0.5% N2 (Gibco), 2% StemPro (Life Technologies)
and 50 ng/mL brain-derived neurotrophic factor (BDNF; Peprotech) for 7 days.

Electrical stimulation
hNSCs were seeded on PUHC films formed within a 4-well culture chamber customized
for concomitant electrical stimulation (Figure 4. 2). Cells were seeded at a density of
5x104 cells/cm2 in self-renewal medium, allowed to adhere for 24 h, and subsequently
stimulated for 8 h per 24 h at 37 °C under CO2 for 3 days. The stimulation paradigm was
±0.25 mA/cm2 using a biphasic waveform of 100 µs pulses with 20 µs interphase at
250Hz on a Digital Stimulator DS8000 and A365 Isolator units (World Precision
Instruments) interfaced with an e-corder system (eDAQ). Stimulation was performed in
self-renewal medium to determine an effect independent of standard medium-directed
differentiation on hNSC-neuritogenesis.
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Figure 4. 2

A custom hNSC culture chamber and stimulation module comprising

gold-coated Mylar film, G-film and platinum mesh counter electrode which was used for
electrical stimulation of hNSCs.[364]

Immunocytochemistry and analysis
Cell samples were fixed with 3.7% paraformaldehyde solution in PBS for 10 min and
then blocked and permeabilized in 0.3% Triton X-100 containing 10% donkey serum for
1h at 37 ℃. The cells were incubated with primary antibodies against SOX2 (1:500,
rabbit; Millipore), Vimentin (1:1000, chicken; Millipore), TUJ1 (1:1000, chicken;
Millipore) or glial fibrillary acidic protein (GFAP, 1:1000, rabbit; Millipore) overnight at
4 ℃. After rinsing with PBS containing 0.1% Triton X-100, the samples were incubated
with Alexa 647, 594 or 488 (1:1000; Invitrogen) secondary antibody for 1h at room
temperature. A further wash was undertaken followed by 5 min incubation at RT with 1
mg/mL DAPI in PBS. Imaging was performed using a Leica confocal microscope (Leica
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TSC SP5 II), and neurite studies were completed using MetaMorph software V 7.8 with
the neurite analysis plugin.

Acid treatment of PUHC
The acid treatment of the PUHC films was carried out by immersing the hydrogel films
into a 5% aqueous solution of H3PO2 acid (50 °C for 12 hrs) in a round-bottom flask.
Afterwards, samples were then thoroughly rinsed with Milli-Q water to remove the
remaining acid (wash cycle was 10 times 30 min each cycle). Reduced graphene
oxide (RGO) is the form of GO that is processed by chemical, thermal and other methods
in order to reduce the oxygen content, while graphiteoxide is a material produced by
oxidation of graphite which leads to increased interlayer spacing and functionalization of
the basal planes of graphite. For comparison of the acid treatment process other reduction
methods such as chemical reduction with other reduction agents, reduction via UV,
annealing, and microwave were evaluated (Table 4. 3)
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Results and Discussion
Stable dispersions of PEDOT:PSS, LCGO, and PU were prepared by dissolving
PEDOT:PSS in water and DMF (50:50), followed by addition of LCGO dispersion in
EtOH and PU. The difference in dispersibility of PU, LCGO, and PEDOT:PSS in various
organic solvents is expected to influence the ability to prepare homogeneous PUHC
formulations for composite film formation purposes. (Figure 4.3)

Figure 4.3

a) Homogeneous PUHC formulation immediately after preparation (i) and

6 months after preparation (ii), b) Chemical structure of PEDOT:PSS, LCGO and
polyether-based liner polyurethane (abbreviation: ss - soft segment and hs - hard
segment).

DMF and ethanol solvents provided the best dispersibility for both PU and PEDOT:PSS
and were therefore used to compare the processability of the composite formulations. The
use of DMF and water in making PEDOT:PSS formulations resulted in dispersions that
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are stable for one month and displayed a higher electrical conductivity than that of the
equivalent dispersion prepared in water. The addition of PEDOT:PSS and LCGO to PU
dispersions resulted in homogeneous PUHC formulation that was stable for at least six
months after preparation (Figure 4.3a).

X-ray diffraction (XRD)
The crystalline structure of PUHC and other composite components were analysed by
XRD and reveal that XRD patterns of PUHC do not show any characteristic signals for
LCGO. This lack of XRD signal may be due to the high dispersion of graphene sheets
within PU matrix.
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Figure 4.4

X-ray diffraction (XRD) patterns of composite component and PUHC

(8%w/w LCGO/PEDOT:PSS at 1:1 and treated with a 5% aqueous solution of H3PO2
acid) and PUHC do not show any characteristic signals for LCGO.

As shown in Figure 4.4, the XRD pattern of the LCGO shows a diffraction peak at 2Θ =
10.32˝ , corresponding to its interlayer spacing of 0.654nm. The intensity of this peak
sharply decreases for reduced LCGO, and a new weak peak (hump) will appear
approximately 2Θ = 23.15˝. The XRD patterns of PUHC do not show any obvious
characteristic signals for LCGO, indicating the uniform dispersion of graphene sheets in
PU matrix.
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Correlation between mechanical and electrical properties
Free standing reduced PUHC films were prepared by incorporating a range of filler
(PEDOT:PSS/LCGO at 1:1 ratio) % w/w into the PU (in a solvent mixture of ethanol,
water, and DMF) followed by casting in glass Petri dishes. Solvents were removed using
a vacuum oven (70 °C, -80 Kpa, 12 hrs) to obtain uniform films. Then the reduction
agents employed as described in the experimental section. The electrical and mechanical
properties of these films are presented in and show that the electrical conductivity of the
PUHC increases with increasing filler ratio, indicating enhanced electrical conductivity
of PUs.

Figure 4.5

The toughness and conductivity of the PUHC as a function of filler

(PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5% aqueous solution of H3PO2
acid) % w/w loading into the PU.
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It can also be seen that the toughness of the PU is increased and reaches a maximum at
an incorporation of 8 % w/w of filler. Therefore 8 % w/w ratio of filler was chosen as
optimal weight percent for further PUHC formulation evaluation. These PUHC films
displayed flexibility and remained stretchable after solvent removal as evidenced in
photographic representations of Figure 4.6.

Figure 4.6

Photos show as-prepared PUHC film in various forms, namely (a) free

stand film, b) twisted free standing film and c) free standing film tied into a knot.
(PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5% aqueous solution of H3PO2
acid)

Mechanical Characterisation
Typical stress-strain curves of the PUHC and control samples are presented Figure 4.5a
and shows the improvement in the tensile modulus, and yield strength but a decrease in
elongation at break compared to the base PU material, PU-LCGO, and PU-PEDOT:PSS
film. The data in Table 4.1 summarizes that the average tensile modulus and yield strength
rather than control samples (with the same ratio of fillers) are greater than the control
samples by a factor of approximately 1.6 times.
The elastomeric properties of PU and its composites are derived from the presence of the
hard and soft copolymer segments of the polymer chains (Figure 4.7b). The soft segments,
which are normally linear chains in their rubbery state (glass transition temperature (Tg)
lower than room temperature), are flexible and mobile. These flexible segments are
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covalently coupled to the hard segments (Tg above room temperature) via urethane
linkages (R-NH-CO-O-).

Figure 4.7

a) Tensile stress-strain curve of the PUHC and control samples and b)

Chemical structure of PU; i) soft segment and ii) hard segment.
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Table 4.1

The effect of fillers on the mechanical properties of PU.
Tensile

Ultimate

Yield

Elongation Filler %

Modulus

Strength (MPa)

Strength

at break %

(MPa)
PU

1.02 ± 0.3

w/w*

(MPa)
7.32 ± 1.2

0.42

± 1084 ± 96

0

0.12
PU/PEDOT

2.31 ± 0.26

10.42 ± 0.8

2.37 ±0.3

PSS

1127

± 8.0*
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PU/LCGO

3.45 ± 0.22

19.8 ± 1.3

3.98 ±0.24

936 ± 76

8.0*

PUHC

5.64 ± 0.34

16.21 ± 1.02

6.23 ±0.53

891 ± 93

PEDOT:
PSS 4.0
LCGO
4.0

*Note: The % w/w of the PEDOT:PSS and LCGO were chosen to be 8% in order to have
the same amount of filler in these samples as is in the PUHC sample.

When stress is applied to the PU composites, a portion of the soft segments is stressed by
uncoiling, and the hard segments become aligned in the stress direction. Therefore, the
soft segments provide high elongation while hard segments provide stiffness in PUHC.
Previous work has shown that growth in hard segment content gives rise to an increase in
tensile modulus, ultimate strength and yield strength, and a decrease in elongation to
break.[226] After adding each of the components to the PU, an increase in tensile strength
was observed that agrees with other published results.[139, 221]
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Electrical conductivity
The electrical conductivity of PUHC films was investigated (Figure 4.8). The onset of
conductivity occurred at ≈ 3.8, 2.2 and 1.7 % w/w loadings of PEDOT:PSS, LCGO, and
PEDOT:PSS/LCGO (1:1) respectively, above these loadings the composite conductivity
increased almost monotonically with filler loading. PUHC (Figure 4.8) showed an
increase in conductivity after addition of 1.7 % w/w of a 1:1 blend of PEDOT:PSS and
LCGO.

Table 4.2

Conductive PU composites with a variety of conductive fillers (data from

this study and literature).
Filler

Conductivity (S/cm)

Ref.

LCGO + PEDOT:PSS (8 % w/w)

12.5

This thesis

PAni (34 wt%)

8 × 10-2

[365]

PPy

10-7–10-2

[366]

PPy(30 wt%)

2.6 × 10-1

[367]

MWCNTs (5 wt%)

1 × 10-3

[368]

SWCNT + PPy (2.5wt%)

9.8×10-3

[369]

Graphene (2 wt%)

10-5,10-8

[370, 371]

Graphite (6.5 vol.%)

0.01

[372]

PEDOT:PSS (8 wt.%)

4.8

[373]
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PU: Polyurethane, PPy: polypyrrole, PAni: polyaniline, MWCNT: Multi-walled carbon
nanotube, and SWCNT: Single-walled carbon nanotube;

This correlates to an individual filler content of 0.85 % w/w PEDOT:PSS and 0.85 %
w/w LCGO. These values are lower than the individual amounts of 3.8 % w/w and 2.2 %
w/w indicated above for PEDOT:PSS and LCGO respectively and indicates a synergistic
effect when these two fillers are combined that facilitates an increase in composite
conductivity. The conductivity of the optimal PUHC composite is compared to previous
reports conducting PU composites in Table 4.2. The increase in conductivity may be due
to the establishment of LC structure in PUHC (transfer isotropic to nematic
structure).[374] Percolation threshold results comparing the electrical behaviour of
LCGO and PEDOT:PSS/LCGO composites suggested that lower amounts of filler are
needed to create conducting paths in an isolating matrix of PU. At ratios below the
percolation threshold, the composite conductivity is almost the same as the polymer
matrix, and therefore charge carrier transport cannot occur. By increasing the filler
loading, the average distance between conducting filler particles decreases and below a
certain threshold, charge carrier transport can occur via electrical field assisted tunneling
or hopping between neighbouring fillers.[375] At the percolation threshold, the amount
of filler is enough to begin the formation of a continuous conductive network throughout
the polymer matrix.
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Figure 4.8

The electrical conductivity of PU composites containing a) PEDOT:PSS,

b) reduced LCGO, and c) LCGO/PEDOT:PSS as a function of filler loading. PUHC
showed an increase in conductivity after addition of 1.7 % w/w of a 1:1 blend of
PEDOT:PSS and LCGO. (PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5%
aqueous solution of H3PO2 acid)
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As indicated above PU polymer chains have hard and soft segments. (Figure 4.7b) The
urethane hard segment domains are physically cross-link via hydrogen bonding between
the amorphous polyether soft segment domains.
Water Content
The polyether segments define the amount of water that the PU can hold since they are
hydrophilic and therefore interact with water. While the water content of pure PU is close
to 60%, this gradually decreases by the addition of other less hydrophilic components
such as PEDOT:PSS and LCGO (Figure 4.9a).

Figure 4.9

Water content (a) of PUHC (8 %w/w LCGO/PEDOT:PSS at 1:1),

PU/LCGO (8%w/w), pure PU and PU/PEDOT:PSS (8%w/w). Photo images (b) of PUHC
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film (i), PU/LCGO (ii), PU (iii), and PU/PEDOT:PSS (iv) hydrogel films immersed for
5 min and 2 hr in 10 mL of EtOH-water (95-5%) solution.
It is well documented that the water content has a positive effect on elongation at break
and negative effects on tensile modulus, ultimate strength, and yield strength.[376] The
data presented in Table 4.1 is in agreement (within the error range) of this phenomenon.
Interactions between the filler and PU were investigated by forming free standing films
and observing their behaviour in an EtOH:water (95:5%) solvent. It was found that neither
PU/LCGO or PUHC were soluble in the solvent, while both pure PU and its composite
with PEDOT:PSS were readily soluble (Figure 4.9b). The hard segment of polyurethane
is a key segment for determining solubility and interaction between hard segment and
other active group can decrease solubility of polyurethane composites. This observation
indicates that the addition of LCGO prevents the PU chains from dissolving in its solvent.
This effect is most likely due to the documented interaction between LCGO and the hard
segment of PU. [376]

Liquid Crystal Structure in PUHC
The liquid crystal (LC) nature of these materials (Figure 4.10) provides the ability to have
the fillers aligned and maintain alignment between LCGO nanosheets within the
composite that has been shown to result in increased mechanical [226] and electrical [12]
properties. The LC phases may offer a dynamic anisotropicity at molecular scale [377] as
it is pivotal to control the orientation and spatial ordering of graphene sheets in a precise
manner [26] in order to translate individual graphene sheet into high-performance
macroscopic materials. The LCGO dispersions in ethanol exhibited a nematic liquid
crystalline phase at concentrations above 1.5 % w/w. It was found that the minimum
concentration of LCGO that is required to obtain LC structure in PUHC solution is
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approximately 4% w/w.[378] This increase in LCGO concentration required to invoke
LC structure may be due to the forces imposed on the LCGO by the PU that prevents the
spontaneous formation of LC domains at lower concentrations. The data in Figure 4.10
suggests that once a critical concentration of LCGO is incorporated these restrictive
forces are overcome.

Figure 4.10

Representative polarized optical microscopy images of samples in

solution phase. a) PU, b) LCGO (8% w/w), c) PEDOT:PSS (8% w/w) and d) PUHC
(LCGO 4% w/w + PEDOT:PSS 4% w/w and treated with a 5% aqueous solution of
H3PO2 acid) .

Morphology of PUHC
The SEM image shown in Figure 4.11a illustrates the uniformity of PUHC surface and
layered microstructure of composite across the cross section (Figure 4.11b). This
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highlights the aligned structure of LCGO nanosheets within the PUHC. The LC structure
of graphene causes the sheets to reassemble forming a sandwich structure in the polymer
matrix (Figure 4.11b). The PEDOT:PSS phase is believed to be dispersed between these
parallel nanosheets, which can explain the synergistic effect of LCGO and PEDOT:PSS
in increased conductivity. This ordered structure also helps to explain the higher
mechanical properties observed for composites containing LCGO. The nematic
orientation of fillers within the PU matrix provides a facile pathway for electrons inside
the isolated matrix compared to the isotropic orientation and explains why PUHC’s with
self-assembly structure have a lower percolation threshold compared to the control
samples (Figure 4.8).

Figure 4.11

SEM images of the PUHC (8%w/w LCGO/PEDOT:PSS at 1:1). a)

Surface SEM image b) Cross-section image of PUHC which is shows aligned structure
of LCGO nanosheets within the PUHC. The scale bar is 10 μm.

Reduction of LCGO
LCGO has a similar layered structure to graphite, but the plane of carbon atoms in LCGO
is heavily decorated by oxygen-containing groups (carbonyl (C=O), hydroxyl (-OH),
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phenol), which not only expand the interlayer distance but also make the atomic-thick
layers hydrophilic.[379, 380] So LCGO can be exfoliated in water under moderate
ultrasonication. The most attractive property of LCGO is that it can be partially reduced
to graphene-like sheets by removing the oxygen-containing groups with the recovery of
a conjugated structure.[381] The reduced LCGO sheets are usually considered as one
kind of chemically derived graphene.[382] The most straightforward goal of any
reduction protocol is to produce graphene-like materials both in properties and structure
and also without any negative effect on composite properties.[383]
Methods for reducing LCGO include chemical, thermal or electrochemical means.[384386] Some of those techniques are able to produce very highly reduced GO with high
conductivity similar to pristine graphene. In choosing the reduction method for PUHC, it
is important to consider the impact on other components of the composite, namely PU
and PEDOT:PSS. For example, almost all of the thermal treatment methods disrupt the
mechanical properties of PU. Furthermore, some of the chemical agents such as
hydrazine, and sulphuric acid make the composite brittle or form a paste-like consistency
(Table 4. 3).
Optimization of the conductivity and the mechanical properties of the PUHC was
achieved using hypophosphorous acid as the reducing agent (Figure 4.5).
Hypophosphorous acid is a powerful reducing agent with molecular formula H3PO2. The
electronic structure of hypophosphorous acid is such that it has only one hydrogen atom
bound to oxygen, and it is thus a monoprotic oxyacid. It is a weak acid and is used as an
industrial non-toxic reducing agent. Therefore, it has been used as a cheap and safe
reducing agent [387] The PUHC became conductive following chemical reduction using
5% v/v hypophosphorous acid at 50 °C. From Figure 4.12 it appears that reduction times
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greater than 6 hrs are not necessary as maximum conductivity is reached at this time.
PUHC samples after treatment with chemical agent immersing in the Milli-Q water for 3
hrs followed by washing with Milli-Q water to avoid any residual acid agent in the
samples and then samples’ electrical conductivity directly measured after drying on the
oven over 120 hrs under vacuum condition. It has been reported that the partial removal
of PSS, due to the treatment of composite containing PEDOT:PSS with acid, could be
considered as another reason for the increase in electrical conductivity of the PUHC.
[388]
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Table 4. 3

The impact of reduction methods on each composite component

separately.

No treatment

Reduction method

Conductivity (S cm-1)
A*, B*, C* and D*

Mechanical properties

A: Insulator

A: Flexible, stretchable

B: Insulator

B: Free standing film,
brittle

C: 345±32.4
D: 0.286±0.05

C: Free standing film
D: Free standing film

H2SO4 (5% ,50 A: Insulator
°C for 12 hrs)
B: 89±26.2

B: Brittle

C: 425± 48

C: Free standing film

D: 0.59±0.11

D: Paste

N2H4 (5% ,50 °C A: Insulator
for 12 hrs)
B: 548±32

Chemical reduction

A: Paste

A: Paste
B: Brittle

C: 320±66

C: Free standing film

D: 15.23±2.8

D: Paste

HCl (5%, 50 °C A: Insulator
for 12 hrs)
B: 48±3.5

A: Paste
B: Brittle

C: 370±102.8

C: Free standing film,

D: 3.24±1.4

D: Paste

HI (5% ,50 °C for A: Insulator
12 hrs)
B: 195±32.0

A: Paste
B: Brittle

C: 320±71

C: Free standing film

D: 488±104

D: Paste`
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Ascorbic
acid A: Insulator
(5% ,50 °C for 12
B: 0.35±0.45
hrs)
C: 312±17
D: 0.056±0.012

A: Flexible, stretchable
B: Free standing film,
brittle
C: Free standing film
D: Flexible, stretchable

H3PO2 (5% ,50 A: Insulator
°C for 12 hrs)
B: 84±13.1

A: Flexible, stretchable
B: Brittle

C: 370±54.8

C: Free standing film

D: 12.84±1.7

D: Flexible, stretchable

UV light (Oriel A: Insulator
450 W xenon arc
B: 0.98±0.36
lamp, 3 h)
C: 118±97.2
D: 0.023±0.005

A: Flexible
B: Brittle
C: Free standing film,
brittle

Physical reduction

D: Flexible
Annealing
°C 48 hrs)

(250 A: Insulator

A: Decompose

B: 56±14.2

B: Brittle

C: 184±9.5

C: Free standing film,

D: None

D: Decompose

Microwave (1000 A: Insulator
w, 5 s for 10
B: 21±9.4
repeats)
C: 0.95±1.2
D: 0.0087±0.00037

A: Flexible
B: Brittle
C: Free standing film,
brittle
D: Flexible

A: PU film
B: LCGO film
C: PEDOT:PSS film
D: PUHC (LCGO 4% w/w + PEDOT:PSS 4 % w/w)
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Figure 4.12

Conductivity of PUHC (8%w/w LCGO/PEDOT:PSS at 1:1 and treated

with a 5% aqueous solution of H3PO2 acid) as a function of treatment time with 5% v/v
Hypophosphorous acid at 50 °C and treatment times greater than 6 hrs are not necessary
as maximum conductivity is reached at this time.

Raman spectra
In the Raman spectra (Figure 4.13) bands at ~ 1590 cm-1 are assigned to the symmetric
stretch of C=C. Compared to LCGO, this peak for PUHC is shifted towards a higher
frequency from 1588 to 1595 cm −1, suggesting the π-π interaction between LCGO and
PEDOT:PSS in PUHC.[389, 390] The ratio of the D band intensity (ID) to the G-band
intensity (IG) which is called the R values (ID/IG), indicates the amount of structural order
in graphene oxide. From Figure 4.13 the R-value of LCGO (1.47) is reduced compared
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to that of PUHC (1.36) and indicates that graphene sheets within the LCGO are more
ordered and some of the sp2 bonds have been restored.[391]

Figure 4.13

Raman characterization of PU, PEDOT:PSS, LCGO, and PUHC

(PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5% aqueous solution of H3PO2
acid). The broken line indicates the location of D and G-band in LCGO and this peak for
PUHC is shifted towards a higher frequency from 1588 to 1595 cm −1.
hNSCs can be cultured and differentiated on PUHC
The biocompatibility of PUHC with hNSCs was initially tested by evaluating cell
viability following 24 h culture (Figure 4.14a, b). Live/dead cell analysis indicated robust
cell survival (>80%) similar to standard plate-based controls (Figure 4.14b). Importantly,
hNSCs expressed neural stem/progenitor cell markers SOX2 and Vimentin and exhibited
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small immature and sparsely arranged neurites, typical of hNSC culture (Figure 4.14c).
After two weeks culture under differentiation conditions, cell morphology and
immunophenotyping was consistent with advanced neuronal cell induction (Figure
4.14d), with TUJ1 immuno-labelling revealing neurons with extensive networks of
neurites, and GFAP labelling indicated supporting neuroglia (Figure 4.14d). These data
support PUHC biocompatibility and more specifically hNSC survival, proliferation, and
differentiation.
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Figure 4.14

Survival, maintenance and differentiation of hNSCs on PUHC

(PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5% aqueous solution of H3PO2
acid). (a) Live (Calcein AM) and dead (PI) cell staining following 24 hrs culture. (b)
Quantitative

analysis

of

hNSC

viability

following

24

hrs

culture.

(c)

Immunocytochemistry of hNSC markers SOX2 and vimentin. (d) Immunocytochemistry
of GFAP (astrocyte maker) and TUJ1 (neuronal marker) expression after differentiation
of NSCs for 7 days.

122

Electrical stimulation via PUHC enhances neuritogenesis of hNSCs
Since electrical signals are implicated in a diversity of biological events, electrically
conductive biomaterials are increasingly being used to modulate cell and tissue behaviour
for research and biomedical applications, including tissue engineering and implantable
bio-electrodes.[392] Having initially shown PUHC biocompatibility with hNSCs (Figure
4.14), the effect of electrical stimulation via the hydrogel on the cells was investigated.
Compared to unstimulated controls (Figure 4.14a, c), electrical stimulation of hNSCs via
PUHC enhanced early neuritogenesis (Figure 4.14b, c), manifest as greater total neurite
length, mean neurite length, and maximum neurite length per cell (Figure 4.14c). These
findings are consistent with a previous report of increased hNSC neuritogenesis following
electrical stimulation using conductive polymer polypyrrole (PPy).[393] Data
corroborates these initial PUHC cell-biocompatibility studies, substantiating the use of
electroactive-substrates for neural cell support [394], and verifies the application of
electroactive-PUHC for tissue engineering where electrical stimulation, mechanical
softness and other properties of the biomaterial presently shown are deemed important.
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Figure 4.15

Neurite growth of hNSCs following culture for 3 days on PUHC

(PEDOT:PSS and LCGO at 1:1 ratio and treated with a 5% aqueous solution of H3PO2
acid) with and without stimulation. (a, b) Immunocytochemistry of vimentin-expressing
cells. (c) Assessment of neurite growth, including the sum total length of neurites, mean
neurite length, and maximum neurite length per cell ± SD (for stimulated and
unstimulated groups, n=11 and 40 respectively). ‘‘*’’ Indicates statistical significance of
≤ 0.05
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Conclusions
As discussed in this chapter, our experimental results provide evidence for chemical
interaction between the fillers (LCGO and PEDOT:PSS) giving rise to the synergic
behaviour in mechanical and electrical properties of PUHC. This phenomenon in PUHC
properties can be explained 1) physical influence of the LC structure in the composite
solution, 2) chemical interaction between LCGO and PEDOT:PSS and these are as a filler
with the PU’s hard segment to create a synergic filler impacts on PUHC composite and
3) post-treatment of PUHC by acid agent. This chapter has demonstrated the production
of PUHC with conductivity, stability, and elastomeric and biocompatible features. It
could, therefore, be considered for use as an advanced material in sensor application for
health monitoring. In the next chapter, the development of a preliminary thermistor sensor
based on the PUHC will be presented and discussed. Sensor characterization tests,
mechanical properties, biodegradability, and impact of other ambient physical stimuli are
described. Finally, PUHC is employed as an ink for extrusion 3D printing. Design,
rheological and morphological properties of the 3D printed PUHC temperature sensor are
investigated.
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5 Chapter 5

PUHC Thermistor for Healthcare Applications
A Preliminary Study

126

Introduction
This chapter describes the work undertaken in the development of a thermistor
temperature sensor based on the novel polyurethane hybrid composite (Ts-PUHC)
described in Chapter 4 and its subsequent characterization required for use in body
temperature monitoring. Intelligent polymers have found themselves in amongst a large
number of applied fields including sensing, tissue engineering, drug delivery, cell culture
and soft robotics to name a few. [395-397] Although considerable achievements have
been made in the area of composite formation, there is still work to be done in order to
tackle the various fundamental challenges associated with smart composites in regards to
hysteresis and fatigue, which heavily underpin commercialization viability for a final
product. [398] Hysteresis for a sensor can be defined as a dynamic lag between an input
and output parameter of a sensor and is dependent on the state of a system, such as fatigue
due to the weakening of the sensor material through repeatedly applied physical changes
(such as temperature and stress/strain).
Among smart composites, thermally and electrically conductive polymer composites
(TECPCs) have received considerable attention due to their multi-functional applications
in many engineering and electronic fields. TECPCs are excellent materials for developing
thermistors for healthcare monitoring due to the ability to match their thermal, electrical
and mechanical properties with the human body. [396]
Thermal expansion is the tendency of a material to evolve in shape and volume due to a
change in temperature and it causing the material to take up more or less space. Materials
that contract on heating are unusual and have the potential to find previously unexplored
applications with materials showing NTE behaviour usually being anisotropic.[400]
From a scientific viewpoint, it is interesting to understand materials that contract while
127

heating as this understanding may provide a means to extend the relatively small family
of materials that show negative thermal expansion (NTE).[399]
Thermal expansion is an important feature of thermal sensor technology especially when
different materials with different thermal expansion behaviour are employed together to
make a sensing structure. When a complex structure with positive thermal expansion
(PTE) is heated it will tend to expand, which creates an increase in the structures volume.
So, consideration must be taken when designing a sensing device to account for the
thermal expansion of the material and consider potential impact on the cyclic performance
of the device due to hysteresis and fatigue. For example, in order to use PUHC as a
thermistor for healthcare monitoring, it is important to design junctions in the thermistor
to allow for this volume change under expected operating conditions. These junctions
will provide enough freedom of movement for repeatable and stable expansion and
contraction.
After the development of the TECPC, the last important step is the fabrication method.
Conventional methods such as salt leaching, solvent casting, fibre spinning or freezedrying have been used to fabricate TECPC structures.[401] However, the most promising
fabrication method is 3D printing as it provides more control over the printed structural
parameters. In particular, extrusion printing which provides advantages, such as the
ability to customize final products, increase productivity and be cost-effective.[402] The
extrusion-based method can continuously dispense materials layer-by-layer from a
movable dispensing head to create predefined structures. Developing homogeneous inks
with appropriate rheological property and cohesion of subsequent layers onto each other
are critical for successful 3D extrusion printing. These advantages have made 3D
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extrusion printing a preferred method for the fabrication of 3D structures from organic
material in recent years.
Depending on the material and technology, processing a 3D printed object can be timeconsuming and complicated. In some cases, an integral method of the printing technique
can make the 3D printing process complex. For example, in order to create 3D hydrogel
structures for health monitoring, it would be necessary that the printed material would be
stable at both room temperature (i.e., during the printing process) and at human body
temperature (i.e., when in use). It is common practice to modify hydrogels and composites
that include photo or thermal crosslinkable acrylate groups to enable cross-linking of the
hydrogel during the printing process.[403, 404]
In this body of work, a simple method to prepare a 3D printable structure onto a flat
substrate from a PUHC ink was employed without post-treatment. This was achieved by
removing some of the solvent from the ink prior to printing.
In this chapter, the earlier work on electromechanical characterization of PUHC (Chapter
4) is continued with investigation of the material’s rheological behaviour in the
preparation of a 3D printable PUHC ink. Finally, the thermal properties, conductivity,
expansion, and impact of prestrain on 3D printed PUHC properties are reported.
To the best of this author’s knowledge, this is the first report investigating a printable
composite without post-treatment, apart from drying time, that can offer NTE behaviour
at ambient conditions with biocompatibility and stretchability in the window of human
body temperature range (between 25 and 45 °C), so it is a promising material for this
thesis application for body temperature monitoring.
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Experimental
Development of the PUHC material utilised in this chapter has been described in detail
in Chapter 4.

Rheological measurement and ink preparation
In order to obtain a PUHC solution suitable for printing it was necessary to partially
remove the PUHC solvents via rotary-evaporator. Rotary evaporation is a technique
commonly used in organic chemistry to remove a solvent, and with this method (for 24
hours @ 25 °C, 90 rpm in 10 mbar), liquid solvents can be removed without excessive
sample heating with reduced pressure (Figure 5.1).

Figure 5.1 Rotary evaporation used to make viscous PUHC (contained in round bottom
flask in the water bath) at 25 °C, 90 rpm in 10 mbar.

The dynamic rheological properties of the PUHC ink solution were analysed using an
AR-G2 rheometer (TA Instruments, DE) equipped with a Peltier plate thermal controller.
The plate geometry with the diameter of the 40 mm and angle 2° was used in all
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measurements. The solutions were placed on the plate to reach the equilibrium
temperature for 5 min prior to performing the experiments. Storage modulus (G′) and loss
modulus (G′′) were measured as a function of temperature and frequency. Sample
volumes of 0.9 ml were placed on the plate and temperature sweep experiments were
conducted at a rate of 3 °C min−1 from 25 °C to 45 °C, at a fixed strain and frequency of
1% and 1 Hz respectively. Frequency sweep experiments were conducted at a fixed strain
of 1% from 0.01 to 10 Hz.

Thermal Expansion of PUHC
For measuring the thermal expansion of PUHC two methods were adopted, 1) thermally
induced volume change and 2) change in the diameter of the samples (tests were
performed on 3 replicates of each sample). The reason for conducting two test methods
was to verify the volume change results in context of each other.
Method 1: Thermally Induced Volume Change
PUHC films were made from the formulations discussed in Section 2.1.3 via solution
casting in glass Petri dishes. Solvents were removed using a vacuum oven (70 °C, -80
Kpa, 12 hrs) to obtain PUHC films. Thermally induced volume change of the PUHC film
was investigated by heating it within a silicone oil-filled beaker. This characterisation
method is based on that employed by Aziz et al.[406] Silicone oil has high thermal
stability and is particularly suitable as a high-temperature heat transfer liquid.[407] The
sample was placed into the silicone oil in order to measure the volume changes of both
the oil and the sample. Figure 5.2a is a visual representation of the experimental set-up
used to measure changes in the volume of the sample before and after heating. A laser
beam displacement analyzer was used to accurately measure the change in liquid level
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and sample volume. Figure 5.2b shows the illustration of a test procedure with silicone
oil only as a control (section 1) and sample immersed in silicone oil.[406]

Figure 5.2 a) Schematic drawing of the test set-up. b) Experimental illustration of
dimension change in the sample operated in a silicone oil-filled glass beaker (radius 𝑹);
(1) calibration of oil thermal expansion having liquid height 𝑳𝟏 at 25°C, and 𝑳𝟏 ′ at 45°C,
(2) Combined thermal expansion of oil with the immersed sample from an initial liquid
level 𝑳 raised to 𝑳′ at 45 °C.

Starting with the same initial volume of oil, the volume changes for the oil-only (ΔV1)
and sample-in-oil cases (ΔV) can be written as:
∆𝑉1 = 𝜋. 𝑅 2 . (𝐿1 ′ − 𝐿1 )

(Equation 5.1)

V: volume of oil
R: radius of glass beaker
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L: liquid height

∆𝑉 = 𝜋. 𝑅 2 (𝐿′ − 𝐿)

(Equation5.2)

The change in glass beaker’s diameter over the change in volume is considered negligible.
Subtracting equation (5.1) from (5.2), gives the volume change of sample (∆𝑣):
∆𝑣 = 𝜋. 𝑅 2 [(𝐿′ − 𝐿) − (𝐿1 ′ − 𝐿1 )]

(Equation 5.3)

Method 2: Measurement of radial change
To enable confirmation of the physical changes induced by exposure of the sensor sample
to elevated temperatures a second test technique was used. A series of images captured
from a rigidly mounted microscope camera were used to measure the changes in width
and thickness of the sample upon heating. A lever arm transducer was used to measure
the length change under a nominal tensile force of ~10 mN in order to keep the sample
straight without applying a significant strain. The sample was heated by using an infrared
light source, and the temperature change recorded by a thermal imaging camera (Figure
5.3).
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Figure 5.3 Illustration of the microscopic measurement method used to analyze of the
thermal dimensional changes of the sample (the figure represents the virtual concept, not
the actual facilities).

The volume change induced via thermal expansion was calculated using Equation 5.4
obtained from reference [408]:
∆𝑣 = 𝑣1 − 𝑣0 = (𝑙1 ∗ 𝑤1 ∗ 𝑡1 ) − (𝑙0 ∗ 𝑤0 ∗ 𝑡0 )

(Equation

5.4)

Here, 𝑣, 𝑙, 𝑤 and 𝑡 are sample’s volume, length, width and, thickness, respectively. The
subscripts represent the conditions before (0) and after (1) heating, respectively.
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Thermal Transport Properties of Thin Films
The hot disk thermal constants analyser
The Hot Disk Thermal Constants Analyzer, (Hot Disk AB, Gothenburg, Sweden and
ThermTest Inc.,) employs transient plane source (TPS) technique which can measure the
in-plane and through-plane thermal conductivity of isotropic/anisotropic material in the
same test.[409, 410] In this study, a Hot Disk 500 S was used to measure the thermal
conductivity of thin PUHC films that were prepared as mentioned in Section 5.2.2.1. The
sensor employed in this test, shown in Figure 5.4a consists of a 10 µm thick double spiral
nickel element embedded between two 25 µm thick layers of Kapton polyimide film with
an adhesive which gives the total thickness of the sensor of approximately 80 µm. The
nickel foil was wound in a double spiral form and had a radius of 6.4 mm. Given the
existing TPS method for thin films, the sensor is sandwiched between two identical pieces
of a sample supported by a background material, as shown in Figure 5.4b. The
background material should be at least ten times more conductive compared to the film
specimen.[411] Standard background material (mild steel, SIS2343) provided with Hot
Disk TPS analyzer with a thermal conductivity of 13.78 (W/m·K), (Figure 5.4C) was
used.
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Figure 5.4 Sensor profile and illustration of thin film thermal conductivity measurement.
(a) TPS thin film sensor 5501 composed of bifilar spiral structure with concentric equally
spaced circular line sources; (b) cross-sectional view of the TPS test column including
background materials, thin film specimens and TPS sensor (Insulation layers, adhesive
materials and double spiral nickel wires); (c) demonstration of the experiment including
background material (mild steel, SIS2343), and TPS sensor.
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Ts-PUHC design
Sensors can be classified into two categories, rigid and flexible. Rigid sensors are utilized
in a wide range of applications in the control automation industry. The flexible sensor is
fabricated from materials which are malleable to a certain extent without changing its
properties and are utilized especially in healthcare monitoring and soft-robotic
applications. A sensing system associated with monitoring physiological parameters of
the human body involves prominent stress on the sensor, thus potentially leading to
damage during normal operation. It is critical to keep this in mind when developing novel
sensor materials, prior to fabricating them into a functional device. In order to obtain a
PUHC temperature sensor (Ts-PUHC) with the ability to stretch without compromising
the performance of the sensor, a range of structural designs were assessed.
Initially, the Ts-PUHC shape was designed in a feature based, parametric solid modelling
CAD design software, Solidworks™. As with all modern computer-aided design
packages, the next step in producing a printable file is to save a surface based
representation of the defined structure as a Standard Tessellation Language (STL) file.
This file type is then read by a “Slicer” software tool, in the case of the research an open
source product called Slic3r. The purpose of this tool is to take the input .STL data,
orientate it in space relative to the proposed build surface and then based on user input
variables slice the geometry into incremental layers built upon each other. Typically
layers are defined as an outer boundary, the outer contour of the structure to be
reproduced, and a corresponding infill within the defined boundary.
The output of the slicer tool is a set of sequential G-code instruction commands (originally
developed as an automated means of instructing computer numerically controlled
machine tools) that can be read by 3D printing hardware and define the path that has to
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be taken by a printer head (extruder) so that the defined geometry can be produced layerby-layer. In the case of the KIMM SPS1000 system utilised in this body of work, a
MACH3 control interface customised to the settings of the pneumatic based extruder
system, was used to interpret the generated G-code (porous lattice scaffolds and structures
defined simply as a boundary) and translate these instructions to the printer hardware with
the most promising being the star shape adapted from Jiang et.al.[412]

Fabrication of scaffolds
The scaffolds were printed using the optimized PUHC ink formulation, as described in
Section 4.2, on a KIMM SPS1000 bioplotter extrusion printing system (Figure 5.5a). The
bioplotter was equipped with an attachment for syringe deposition connected to a
controllable gas pressure regulator.

Figure 5.5 a) KIMM SPS1000 printer which is used for this thesis. b) Printed extruded
PUHC. (120 kpa was applied and 3cc plastic syringe was used)
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The PUHC ink was extruded through a 100 µm diameter nozzle fitted to a disposable
syringe (Nordson EFD) at a feed rate of 100 mm/min. These settings produced consistent
prints and were applied to all 3D printing undertaken for this study in order to eliminate
any variation in parameters and orientation that could influence morphological properties
of the printed structure (Table 5.1).
Table 5.1 Summary of 3D printer setting.
Printing setting

Value

Layer thickness

0.1 mm

Distance between lines

1 mm

Feed Rate

100 mm/min

Corner velocity

80% of line acceleration

Nozzle Inner Diameter

0.10 mm

Nozzle Outer Diameter

0.24 mm

Ink temperature

45°C

Print-bed temperature

Lab temperature

Gas pressure (nitrogen)

120 kPa
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Strain evaluation
Ts-PUHC film with the dimension of 9 x 20 mm and thickness of 100 µm and the TsPUHC 3D printed shapes were prepared and the impact of strain on resistivity was tested
in 5 steps between 10% and 50% of strain using a Shimadzu mechanical tester. An Agilent
multimeter was connected to a computer and used to measure electrical resistivity of
samples. The sample was held for 30 seconds at each step to evaluate the stability of
electrical resistivity at a constant strain. The Agilent multimeter was connected to a
computer and used to record electrical resistivity of the sample.

Evaluating correlation between resistance and temperature in Ts-PUHC
A rheometer plate was used to change the composite sample temperature and a multimeter
used to measure the resistivity of the composite. The temperature was measured via a
wire ±5% 10KΩ thermistor which was integrated with an Arduino setup (Jaycar
Australia). Since monitoring body temperature is one of the potential applications for the
Ts-PUHC, the experiment was designed to test temperature in the range of 25 to 45 °
C.[413]
Ts-PUHC resistance data was collected via Keysight BV0001A and BenchVue Digital
Multimeter Pro App (Figure 5.6).
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Figure 5.6 a. Experimental setup: temperature control via software managed rheometer
hotplate. Thermistor recorded temperature on the top of the sample (b) Enclosed
experimental setup to prevent impact on results from ambient air flow impact on results.
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Paraffin oil treatment of Ts-PUHC
Ts-PUHC Stability Evaluation
The impact of moisture on the electrical and mechanical properties of the Ts-PUHC was
evaluated in simulated body fluid (SBF - has the ion concentrations and osmolarity of the
solutions that match those of the human body) at 37 °C at various times during 15 days.
To prepare 1 L of SBF with pH 7.4, 5.403 g of NaCl, 0.225 g of KCl, 0.504 g of NaHCO3,
0.228 g of K2HPO4·3H2O, and 0.312 g of MgCl2·6H2O were dissolved in 750 mL of
Milli-Q water. Then, 3.34 mL of hydrochloric acid (concentrated solution) was added to
the solution; 0.071 g of Na2SO4 and 0.388 g of CaCl2·2H2O, 6.057 g of tris
(hydroxymethyl) aminomethane were sequentially dissolved in the solution. Finally, the
solution was diluted to 1 L and the pH of SBF was adjusted between 4 and 9 by using
hydrochloric acid and sodium hydroxide.[414]
Degradation stability was also measured via monitoring the tensile modulus and
elongation at break for Ts-PUHC samples after 3, 5 and 15 days of incubation in SBF at
37 oC.

Result and Discussion

Optimization of filler ratio of PUHC
Optimization of the PUHC filler content with respect to thermal and electrical
conductivity was performed. Figure 5.7 shows that the thermal conductivity of the PUHC
increases sharply with increasing filler ratio until 4% w/w ratio. Increasing the filler ratio
to more than 4% w/w shows a marginal increase in thermal conductivity. It can also be
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seen that the toughness of the PUHC increases with an increase in filler and reaches a
maximum at 8% w/w. Furthermore, the onset of conductivity occurred at ~ 2% w/w
loading of fillers and above this loading, the composite conductivity increased almost
monotonically with filler loading (Figure 5.7a). Since the thermal conductivity and
toughness is at a maximum at 8% w/w ratio of filler and a modest conductivity is also
demonstrated, this 8% w/w value was chosen as a candidate weight percent for further
PUHC formulation evaluation.
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Figure 5.7 a) The toughness, electrical and thermal conductivity of the PUHC after
treatment with a 5% aqueous solution of H3PO2 acid as a function of filler (LCGO and
PEDOT:PSS), b) The elastic recoveries at different applied strains (indicated in the graph)
of PUHC as a function of filler loading.
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The increase in conductivity may be due to the establishment of LC structure in PUHC
(transfer isotropic to nematic structure). Percolation threshold results (discussed in
Section 4.3.4 - electrical conductivity of PUHC) comparing the electrical behaviour of
LCGO and PEDOT:PSS/LCGO composites suggested that lower amounts of filler are
needed to create conducting paths in an insulating matrix of PU. Interestingly, correlation
of electrical conductivity with filler ratio does not match with thermal behaviour of
PUHC.
It is well documented that at ratios below the percolation threshold the composite
conductivity is almost the same as the polymer matrix, and therefore charge carrier
transport cannot occur.[415, 416] By increasing the filler loading, the average distance
between conducting filler particles in the matrix decreases and below a certain filler
loading threshold, charge carrier transport can occur via electrical field assisted tunnelling
or hopping between neighbouring fillers.[417, 418] At the percolation threshold, the
amount of filler materials is enough to begin the formation of a continuous conductive
network throughout the polymer matrix. Combination of complementary conducting
fillers such as PEDOT:PSS and LCGO offer an attractive route to enhancing
electrochemical performance based on orientation or electronic interaction between
PEDOT:PSS and LCGO.

Impact of prestrain on PUHC film properties
The influence of filler content on the mechanical properties of the PUHC film was
investigated. The elastic recovery of a material is defined as a non-permanent deformation
with the capability of returning to its original shape upon the release of the mechanical
stress. The elastic recovery property of PUHC was compared as a function of filler
loading and applied strain between 10% to 100% (between the elastic deformation region
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of PUHC). Figure 5.8 shows that for all applied strains, the elastic recovery of PUHC
decreased with increasing filler loading. For example, at 40% applied strain PU film (no
filler) has an elastic recovery of ≈ 97%. However, significant reduction in elastic recovery
to values of ≈89% and ≈ 69% for the filler ratio of 4% and 8% respectively was observed.
Research on the effects of prestrain on molecular orientation in different segments of the
block-polymer chain provides a basis for the interpretation of mechanical property data.
[419, 420] PU has a hetero-phase microstructure [421] and by monitoring the behaviour
of N-H (hard segment) and C-H (soft segment) infrared stretching absorptions, it has been
shown that the orientation of both segments strongly depends upon strain history. Upon
initial straining, both segments orient similarly but after relaxation, the hard segments
remain oriented to a substantially higher degree than soft segments.[422, 423] The
orientation of the soft segment groups is unaffected by the prestrain.[424] The elastic
recovery of PUHC was investigated as a function of the percentage of prestrain (Figure
5.8a) and shows the elastic recovery of PUHC increased with increasing prestrain until
40% and dropped at 50% prestrain. Figure 5.9b showed the impact of prestrain on
toughness (from 124.6 to 79.8 mJmm-3), electrical (from 12.15 to 6.71 Scm-1) and thermal
conductivity (from 0.2512 to 0.3024 W/(m.K)) of PUHC after 40% prestrain equating to
24% and 46% decrease in toughness and electrical conductivity respectively and 8%
increase in thermal conductivity. Reduction of electrical conductivity may be explained
by the fact that conductive paths have been destroyed during the prestrain. Phonons are
quantized modes of vibration in a rigid crystal lattice, which is the fundamental
mechanism of heat conduction in most polymers.[425] Polymers in the amorphous state
are usually considered to have many defects that contribute to numerous phonons
scatting, leading to low thermal conductivity. So, the increase in thermal conductivity
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after prestrain can be explained by the increase in the degree of hard segments orientation
(i.e., an increase of the degree of crystallinity in PUHC).

Figure 5.8 Impact of prestrain on PUHC film (8 %w/w LCGO/PEDOT:PSS at 1:1 and
treated with a 5% aqueous solution of H3PO2 acid) properties. a) correlation between the
percentage of prestrain on elastic recovery, b) Effect of 40% prestrain on toughness, the
electrical and thermal conductivity of PUHC. A indicates the value before prestrain and
B represents the value after prestrain. The tests were repetitively conducted 5 times for
each sample, and the standard deviation is shown in the plot.
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Asymmetric Thermal Volume Expansion of Sample
Thermal expansion is defined as the fractional change in dimension of a composite under
heating or cooling through a given temperature range. It is a key material property
especially when a composite structure works in a temperature-changing environment.
However, although rare, some materials contract upon heating under constant pressure
and are referred to as negative thermal expansion (NTE) materials. For measuring the
thermal expansion of the PUHC two methods were adopted, 1) thermally induced volume
change and 2) change in the diameter of the samples. In order to gain confidence in the
data obtained regarding thermal expansion, these two methods were employed as a
comparison.
Thermally Induced Volume Change
Method 1 is described in Section 5.2.3.1. Samples were heated slowly in an oil-filled glass
beaker to experimentally measure the volume change as shown in Figure 5.9. A negative
thermal volume expansion (or, thermal contraction) of ~6.4% was observed over a 20 °C
range from 25 °C to 45 °C.
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Figure 5.9 Thermally induced expansion of the sample normalized from the overall
expansion of sample-in-oil at 25°C and after heating to 45°C.

The method used to measure the radial change of the sample is described in Section
5.2.2.2. Experimentally measured volume contraction of the sample was found to be
~5.2% by using the results extracted from three-dimensional volume changes when
heated from 25°C to 45°C (Figure 5.10 shows the results for heating range from 25°C to
45°C).
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Figure 5.10 Thermally induced expansion of the samples a) dimension change (%) and
b) normalized to the volume at 25°C and afterwards heated to 45°C.

PUHC demonstrates NTE behaviour. Computational results suggest that in-plane
expansion, bond stretching, and bond bending effects in graphene sheet cancel each other
out, leading to a negative thermal expansion coefficient in the plane of orientated
graphene sheets.[426-427] The elastomeric PU is semi-crystalline in structure and
exhibits a little volumetric change when heated to the melting temperature. The effect of
thermal expansivity of PU is not so obvious within the nominate testing range (25-45°C)
under which PUHC was examined. A notable negative thermal expansion coefficient was
demonstrated previously when the PU is heated over 50 °C. However, applying such high
temperature to the PUHC is not practically feasible in the field of wearable sensor
technology. [428]
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Rheological Evaluation of PUHC Ink
The rheological and thermo-rheological properties of the PUHC ink was determined as a
function of ink composition. Understanding the rheological behaviour of the material is
important in order to ensure successful processing of the ink during a manufacturing
process, such as 3D printing.
Figure 5.11 illustrates the viscosity values of PUHC (8 %w/w LCGO/PEDOT:PSS at 1:1)
composites as a function of shear rate. The samples underwent a period of rotary
evaporation as indicated in the Figure 5.11 (2, 5, 12 and 24hrs) which were compared to
an untreated sample (original solution). All samples show shear-thinning behaviour as the
shear rate increased. At higher shear rates, the viscosity of all the samples became less
shear rate-dependent due to a reduction of polymer chain entanglements and drop in
viscosity.
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`
Figure 5.11 PUHC (8%w/w LCGO/PEDOT:PSS at 1:1) ink preparation via rotaryevaporator. Viscosities were measured after rotary-evaporation at various times. The
viscosity of PUHC dispersions were measured in the shear rate ranging between 0.1 and
800 Hz.

Monitoring of the thermo-rheological behaviour of the composites during processing is a
key factor in their ability to be 3D fabricated. Mechanically, the ink requires sufficient
strength and stiffness to maintain structural integrity during and after printing. In order to
successfully build 3D structures, the first layer needs to have structural integrity before
the second layer is deposited. Consequently, parameters such as polymer rheology and
the gel-forming mechanism are critically important; polymer solutions must be either
viscous and viscoelastic initially, and then become a self-supporting structure before
additional layers are added. To evaluate the printing processability of the PUHC (8 %w/w
LCGO/PEDOT:PSS at 1:1) samples, their rheological properties were investigated.
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Samples that underwent rotary evaporation for a period greater than 24hrs were not
readily printable due to a high viscosity, requiring extrusion pressures in excess of 400kPa
and providing inconsistent print results in combination with frequent extrusion tip
blockages. Samples which underwent rotary evaporation for a period of 24hrs displayed
a consistent viscosity and predictable shear thinning behaviour leading to reliable and
repeatable printing
Storage modulus (G′) and the loss modulus (G″) of PUHC inks were measured as a
function of temperature (Figure 5.12). It was observed that samples behave as viscous
fluids, where G′ is more dominant than G″. The dominance of G′ means that the ink
behaves like a fluid with insufficient G″ to hold the shape of the printed ink. An increase
is observed in G′ and decreases in G″ of PUHC with increasing temperature until 45 °C.
The ratio G''/G' which is tan(delta), is a measure of the internal friction of the material.
When G'' is higher than G' then tan(delta) is > 1 and one can say that the sample is more
viscous than elastic, and vice versa when G' is higher than G” and tan(delta) is < 1. The
results indicate that temperature can be utilized effectively to develop 3D printable gels
with controllable properties.
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Figure 5.12 Rheological analysis of PUHC ink (8%w/w LCGO/PEDOT:PSS at 1:1) after
use of rotary-evaporator to increase viscosity after 24 hrs, a) Temperature dependence of
G′ and G″ for PUHC dispersion and b) the trend of tan (delta) between 25-45 °C.
Tan(delta) = G" / G'

3D printing of PUHC scaffolds (45 °C)
As demonstrated above, remarkable improvements in the rheological properties of PUHC
ink compared to the original PUHC solution were achieved, however, it is also crucial to
obtain excellent materials processability for practical application. The processability of
the PUHC composites was therefore investigated through printing the 2 layers and
multilayer lattice structure at 45 °C (Figure 5.13). The feasibility and materials behaviour
was initially studied during the printing of the first layer. It was noticed that the physical
properties (viscosity and storage modulus) of PUHC ink is significantly robust (Section
5.3.3), and it is not necessary to go through any post-treatment of 3D printed structure
such as reinforcement, post-print cross-linking or photo-cured steps. Solution printing
process was adopted, and PUHC with 8%w/w LCGO/PEDOT:PSS at 1:1 content was
able to be printed successfully into scaffolds of 10 mm × 10 mm × 700 µm height
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dimension with pore size of approximately 500 µm (Figure 5.14a) and 15 × 15 mm × 100
µm height dimension with pore sizes of around 589 µm (Figure 5. 13b).

Figure 5.13 Optical image of extrusion printed 3D scaffolds PUHC ink (8%w/w
LCGO/PEDOT:PSS at 1:1) after use of rotary-evaporator for 24 hrs. a) Multi-layer with
dimensions of 10× 10 mm. b) 2 layers lattice structure’s morphology.

3D printing of the stretchable design
Flexible and stretchable sensors hold several advantages compared to current wearable
sensors based on rigid substrates, and may eventually lead to revolutionary changes in the
field of continuous and long-term health monitoring devices to tackle social health
challenges.[429, 430] Flexible and stretchable temperature sensors offer maximum
compliance to the skin. Thus, the minimum reaction force is produced from the sensor
due to structural deformation. Since skin deformation can vary a sensor dimensions by
up to 30% [431], it is important to evaluate the stretchability, sensing stability, precision,
and repeatability parameters of Ts-PUHC when employed as temperature sensor for
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direct placement on skin. Stretching the Ts-PUHC causes a change in the distance
between the conductive filler particles contained in the nonconductive matrix.
Furthermore, materials used in skin sensors follow a rule that the bending strain of the
materials decreases linearly with a thickness of materials. So, in this circumstance
resistance changes are affected by temperature and the amount of stretch. This change
could be reversible or non-reversible based on the quantity of stretch and composite
mechanical properties and therefore demands alternative approaches to obtain stretchable
sensors for health monitoring. Several designs were proposed to achieve the fabrication
of a stretchable Ts-PUHC. For this thesis, three different structural designs (Figure 5.14)
were investigated which were previously developed by others.[2, 432-434] The starshaped Ts-PUHC (Figure 5.14b) had reversible resistance values (within experimental
error) (Figure 5.15a). The resistance change values were taken from 5 samples and shows
that it was possible to perform repeat experiments from the same sample in the strain
range shown. This star shaped structural strategy was considered for further
characterization in the context of this thesis. The honeycomb and horseshoe design of the
printed Ts-PUHC did not show shape reversibility with this composite (Figure 5.14a and
c).
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Figure 5.14 Solidworks images of 3 candidates stretchable design for PUHC a)
Honeycomb design.[2], b) Star design.[412], and c) horseshoe design[432].

Stretching the Ts-PUHC film in the range of 10 – 50 % causes an increase in the distance
between the conductive filler particles, PEDOT:PSS and LCGO, contained in the
nonconductive matrix (Figure 5.15) while the star designed structure for Ts-PUHC
demonstrated considerable tolerance to the deformation. The experimental data show that
for stretching ≥40% along both x and y-axes of star Ts-PUHC that there is an increase in
electrical resistance under strain. It should be noted that when the strain is ≤40%, there is
no difference in the resistance increase as strain % is increased. This is likely due to the
star design being tolerant to geometric changes of ≥40%. However, at strains greater than
40% a significant increase in resistance is observed. This may be due to this strain causing
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an increase in the distance between the conductive filler particles, therefore decreasing
the electronic pathways (percolation). This property attributed to the elasticity property
of Ts-PUHC and cause reversible extension in response to the strain forces up to 40% in
both x and y-axis.

a
b

Figure 5.15 Plot of normalized electrical resistivity of Ts-PUHC (8%w/w
LCGO/PEDOT:PSS at 1:1 and treated with a 5% aqueous solution of H3PO2 acid) film
and 3D printed star design of Ts-PUHC b) 3D printed star design of Ts-PUHC. The tests
were repetitively conducted for 5 times for each sample and the standard deviation is
shown in the plot. The scale bar represents 1 cm.
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Scanning electron microscopy
Scanning electron microscopy (SEM) was used to determine the quality of the dispersion
of fillers in the polymer matrix and impact of the 3D printing process on the composite
structure. Figure 5.16 shows that the surface of the PUHC are uniform without any
observable fillers agglomeration or aggregation, indicating a homogenous dispersion of
PEDOT:PSS and LCGO within the PUHC matrix.

Figure 5.16

SEM images of the surface of the 3D printed Ts-PUHC (8%w/w

LCGO/PEDOT:PSS at 1:1 and treated with a 5% aqueous solution of H3PO2 acid). The
scale bar represents 1 µm.
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Effect of moisture on Ts-PUHC performance
Temperature sensors based on electrically conductive composites are challenged by
environmental moisture. In this section, the effect of moisture on the printed Ts-PUHC
performance (Figure 5.17a) was investigated through exposure of the material to
simulated body fluid (SBF). The ultimate goal of the Ts-PUHC is for monitoring body
temperature, therefore, to allow for continuous body temperature assessment and
monitoring it is critical to design a sensor whose performance is not affected by moisture.
The change of electrical resistance with temperature of the Ts-PUHC is presented in
Figure 5.17. The temperature was changed between 25 and 45 °C for 5 cycles. Ts-PUHC
(Figure 5.17a) electrical resistance at 25 °C was 28.3 MOhms. As the temperature
increased up to 45 °C electrical resistance decreased to 11.82 MOhms and showed NTC
behaviour, electrical resistance decreases with increased temperature. It was observed that
the performance of the Ts-PUHC was affected by moisture (Figure 5.17b). This instability
in resistance is typically accompanied by an increase in volume and can cause significant
change in sensor response. One of the key factors for making stable and predictable
temperature sensors is preventing the influence of changes in ambient humidity and pH
on temperature sensing performance. This could be achieved by encapsulating the sensor
in a coating that is pH resistant, electrically isolated, has a higher or equal thermal
diffusivity and equal or lower heat capacity compared to Ts-PUHC.
To provide this encapsulating coating, Ts-PUHC samples were submerged in 10 cm3 of
paraffin oil at room temperature for 10 s ensuring complete coverage of the sample
surface. Coated samples were then air dried for 24 hrs on a coarse mesh to allow excess
oil to be removed via gravity. In Figure 5.17c the impact of this paraffin oil treatment on
Ts-PUHC performance was investigated and it shows that there is no detrimental effect
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on Ts-PUHC behaviour after paraffin treatment (compare responses in Figure 5.17a and
5.17c). The data in Figure 5.17d shows paraffin oil treated Ts-PUHC in presence of SBF
had a predictable performance, namely, increase in resistance upon cooling. Covering
the Ts-PUHC with a hydrophobic material such as paraffin oil appears to stabilise the TsPUHC performance (Figure 5.17d)
Moreover, immersion of Ts-PUHC in paraffin as a technique for protection from
humidity variation is also compatible with the flexible structures proposed earlier and
would have limited impact on the stretch properties of the material, paraffin oil is
electrically isolated, has a high thermal conductivity (0.133 w/m°k), and heat capacity
(1.67 kj/kg°k).
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Figure 5.17 Temperature sensing behaviour of a) 3D printed Ts-PUH b) Ts-PUHC
submerged in SBF solution with pH 7.4 for 5 minutes and c) treated Ts-PUHC with
paraffin oil and d) paraffin oil treated Ts-PUHC submerged in SBF solution with pH 7.4
for 5 minutes. The experiment was designed to test temperature in the range of 25 and
45° C for 5 cycles.

Effect of pH on Ts-PUHC performance
Another key factor for making a stable and predictable Ts-PUHC sensor is stability at
various pH. Coating or encapsulating the sensor could be employed to protect against
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potential pH variation.[435, 436] Skin, is influenced by pH. The pH of healthy skin is
mildly acidic (pH 4–6). However, when the skin is damaged this acidic environment is
disturbed as the body’s internal pH of 7.4 is exposed.[437] The pH of the unhealthy or
healing skin can reach as high as 9.0.[438] Due to these factors, the effects of exposing
the TS-PUHC to moisture at a variety of pH was evaluated.
To investigate the Ts-PUHC performance at various pH samples were exposed to three
different pH levels. Figure 5.18 shows the effect of pH and SBF intake into paraffin oil
treated and untreated Ts-PUHC films. Untreated Ts-PUHC shows significant resistance
change in the presence of moisture (Figure 5.18a) at various pH. When paraffin treated,
the resistance of the Ts-PUHC was greater at all pH levels compared to the untreated.
However, there was no variation in the resistance for the treated Ts-PUHC as pH was
varied. This result shows electrical and SBF uptake stability of paraffin coated Ts-PUHC.
Figure 5.18b shows stability of paraffin treated Ts-PUHC in the presence of SBF.
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Figure 5.18 a) effects of pH on the electrical resistance of Ts-PUHC and treated Ts-PUHC
with paraffin oil. b) SBF uptake at (pH 7.4) exposure time on Ts-PUHC and paraffin
treated Ts-PUHC, measured by mass ratio analysis.
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Coating of the Ts-PUHC with paraffin appears to stabilise the response at different pH
levels and moisture contents however it does significantly increase the resistance
measured. It should be noted that whilst the treatment process achieves stability it may
cause the sensor resistance to be too high and thus outside the operable range of a sensor.

Impact of Simulated Body Fluid (SBF) on Ts-PUHC mechanical properties

The degradation behaviour of Ts-PUHC and paraffin treated Ts-PUHC in SBF at pH 7.4
(37 oC) for 15 days in vitro was investigated through changes in Ts-PUHC stiffness and
elongation at break and results compared with control samples (Ts-PUHC) in SBF. There
were no noticeable differences between the control samples elongation at break and
stiffness when compared to paraffin treated Ts-PUHC samples.
The stiffness as a function of time and the values of elongation at break at each time point
are presented in Figure 5.19a and 5.19b respectively. The tensile modulus and elongation
at break for Ts-PUHS-paraffin remains constant while a significant drop in stiffness and
elongation at break in uncoated Ts-PUHC were evident over the testing period.
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Figure 5.19 Tensile modulus (a) and elongation at break (b) of Ts-PUHC and paraffin
treated Ts-PUHC in simulated body fluid (SBF) in 37 °C for 15 days. All the
measurements repeated on 5 different samples prepared in the same way. (The tests were
repetitively conducted for 5 times for each sample and the standard deviation is shown in
the plot).
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In general, a trend of decreasing tensile modulus with time can be seen for Ts-PUHC
samples. Ts-PUHC samples also showed a lower elongation at break compared to paraffin
treated Ts-PUHC at each time point measured which can be due to the hydrophobic
properties of paraffin oil. With all the Ts-PUHC samples showing close to 5x and 12x
drop in tensile modulus and elongation at break after 15 days respectively in SBF (Figure
5.19a and b), while there is no significant change observed in the overall mechanical
properties in paraffin treated Ts-PUHC. It has been discussed in Section 4.3.3 that the
interaction between PEDOT:PSS with the diol part of polyurethane could be causing this
loss of mechanical property of Ts-PUHC in SBF over time.[439, 440]
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Conclusions
This work has demonstrated the production of a thermistor temperature sensor based on
the polyurethane hybrid composite (Ts-PUHC) with strain ability, stability in various pH
between 4 and 9, and NTE behaviour in the window of human body temperature range
(between 25 and 45 ℃), so it is a promising material for this thesis application for body
temperature monitoring. The rheological and thermo-rheological properties of the PUHC
ink were measured as a function of ink modification using rotary evaporation to obtain
sufficient strength and stiffness to maintain structural integrity during and after 3D
printing. The combination of Ts-PUHC design treated with paraffin oil can be engineered
to accommodate enhanced elastic strain along a selected dimension and to support biaxial
deformation modes. It could, therefore, be considered for use as an advanced material in
wearable bionics and stretchable electronics, and soft robotics. Apart from sensing
application, PUHC is lightweight, with excellent processability, flexibility, variety and
could be customised for their properties based on applications for healthcare monitoring.
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6 Chapter 6

Conclusion and Recommendation
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Conclusion
The aim of this PhD project was the development of conductive hydrogels incorporating
graphene with the capability to be utilized for the development of a thermistor
temperature sensor for health monitoring. Body temperature is the basal index in
physiology, as temperature affects the rate of the chemical reactions in physiological
activities. Materials for making temperature sensors must be capable of having at least
one property that can be significantly changed by change in external temperature stimuli.
The aims of the thesis were achieved in a progression of four steps.
The first aim of the research documented in this thesis, Chapter 3, was to synthesize
highly electrically and thermally conductive LCGO. Review of the literature highlighted
the lack of a comprehensive study on the use of simple and low-cost methods to improve
the electrical and thermal conductivity of LCGO and impact of cations post-treatment on
mechanical and rheological properties of LCGO in their hydrated state, by modification
of LCGO dispersions with a low quantity of chloride salts. The properties of m-LCGO
were studied with four different chloride salts. Addition of salts to LCGO dispersions
result in an increase of the storage and loss moduli and viscosity through the interaction
between cations and functional groups of LCGO, with the magnitude of increase being
dependent upon the concentration of the salt added. A viscosity increase of between 30×
and 300× (depending on the salt type) is recorded when salt is added at a concentration
as low as 80 mM while storage and loss moduli increase up to 23× and 29×, respectively.
Free standing films made from the salt treated LCGO dispersions contained up to 26%
water in their structure and were observed to have significantly improved mechanical (2×
to 5× increase) and electrical properties (decreased surface resistance up to approximately
670×) compared to free-standing films prepared without chloride salts. The influence of
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the salts on properties of LCGO dispersions and their hydrated free-standing films is
postulated as a complex interplay of many factors such as the size of cations, the valency
of positive charge of the cations, the ratio of charge and cations size, as well as the
hygroscopic nature of the salts.
The second aim of this research project, discussed in Chapter 4, was to develop a
conductive hydrogel. PU, an electrical isolator, is a promising material for the
development of biomaterials. However, the lack of data about the conductive
polyurethane hybrid composite (PUHC) with LCGO/PEDOT:PSS composites in the
literature motivated a comprehensive study in this area. A simple method was developed,
to achieve a self-assembled tough elastomeric composite structure that is biocompatible,
conductive, and with high flexibility. The hydrogel comprises polyether-based liner
polyurethane (PU), poly (3,4-ethylenedioxythiophene) (PEDOT) doped with poly(4styrenesulfonate) (PSS) and liquid crystal graphene oxide (LCGO). The polyurethane
hybrid composite (PUHC) containing the PEDOT:PSS, LCGO, and PU has a higher
electrical conductivity (10×), tensile modulus (>1.6×) and yield strength (>1.56×)
compared to respective control samples.
Furthermore, the PUHC is biocompatible and can support human neural stem cell (NSC)
growth and differentiation to neurons and support neuroglia. Moreover, the stimulation
of PUHC enhances NSC differentiation with enhanced neuritogenesis compared to
unstimulated cultures.
components

and

their

A model describing the synergistic effects of the PUHC
influence

on

the

uniformity,

biocompatibility

and

electromechanical properties of the hydrogel was presented.
The third aim of this research project was to develop and optimize a thermistor based on
the PUHC. Sensor characterization tests, mechanical properties, biodegradability,
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biocompatibility and impact of the other ambient physical stimuli is described in Chapter
5. The elastic recovery properties of PUHC and PU as a function of filler loading and
under strain between 10% to 100% was compared. The elastic recovery of PUHC
decreased with increasing filler loading. For example, at 40% applied strain PU film
shows an elastic recovery of 97% whereas this decreased to 89% and 69% for the
filler ratio of 4% and 8% respectively in PUHC. The results showed that the presence of
a lower ratio of filler reduced the plastic deformation, i.e., elastic recovery was enhanced
compared to the PU matrix.
The fourth and final aim of this research was to use PUHC as ink for extrusion 3D
printing. Design, rheological and morphological properties of the 3D printed PUHC
temperature sensor were described at the end of Chapter 5. Considering the remarkable
improvements achieved in the rheological properties of PUHC via rotary evaporator, the
processability of the PUHC composite was investigated by printing a multilayer scaffold.
The sufficient rheological properties of the composite allow direct printing of ink at room
temperature and without any post-treatment on 3D printed structure. The processability
of the PUHC composites was therefore obtained through printing the single and
multilayer scaffold. The feasibility and materials behaviour of PUHC was initially studied
during the printing. It was noticed that the physical properties (viscosity and storage
modulus) of PUHC ink is significantly robust.

Future Recommendations
In this thesis, a composite which potentially could be employed as a thermistor based on
polyurethane matrix with LCGO and PEDOT:PSS as fillers was developed. The impact
of filler ratio on mechanical properties, electrical and thermal conductivity and eventually
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fabricated the preliminary thermistor via 3D printing was highlighted. The impact of
strain and moisture on sensor performance was also investigated in the thesis. However,
Ts-PUHC has hysteresis and fatigue which may be a limitation in practical applications
over extended periods. Several areas of direct extension of this work include:
•

The further investigation of the impact of the ratio of polyurethane hard segment
on thermistor performance.

The polyurethane is composed of diisocyanate-based hard polymer segments polyester
and polyether soft segments. Phonons are quantized modes of vibration in a rigid crystal
lattice, which is the fundamental mechanism of heat conduction in polyurethane and most
polymers.[425] Polymers in the amorphous state are usually considered to have many
defects that contribute to numerous phonons scatting, leading to low thermal
conductivity. So, the higher in thermal conductivity can be obtained by the increase in the
ratio of polyurethane hard segment (i.e., an increase of the degree of crystallinity in
PUHC).
•

Investigation of the impact of graphene sheet size on thermal expansion and
thermal diffusivity of PUHC.

The aqueous LCGO dispersion used in this thesis contained GO sheets with a lateral size
as large as 10 µm (Section 3.11). Several physical properties, such as the thermal
conductivity and stability, electrical conductivity, number of graphene particles per unit
volume of composite, mechanical properties and surface area, vary with the graphene
sheet size. I think LCGOs’ with bigger sheet size potentially have a higher thermal and
electrical conductivity and could boosting the thermal conductivity throughout the
composite.
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Furthermore, in polymer composites such as PUHC, the fillers can have the potential to
induce or alter polymer structure and morphology. The liquid crystal (LC) nature of
LCGO with bigger sheet size provides the different ability to have the fillers aligned and
maintain alignment between LCGO nanosheets within the composite.
•

Investigation of using another polymer as a matrix with a higher degree of
crystallinity such as Polysarcosine and poly-L-proline.

The degree of crystallinity in polymers plays an essential role in determining the final
properties of structural composite material, especially on thermal properties. Polymers
with a higher degree of crystallinity such as polysarcosine and poly-L-proline have a
higher thermal conductivity. More investigation would be done to make an electrically
conductive composite with suitable mechanical properties based on these highly
thermally conductive polymers, and the morphology, thermal and mechanical properties
of the composites should be investigated and compared.
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